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Abstract
This thesis examines the AGN - star formation relation in galaxies out to z=4,
probing the interplay between these two phenomena at various redshifts, for diﬀer-
ent galaxy morphologies, and at diﬀerent luminosities.
We have created a catalogue of 12,000 local infrared galaxies with optical mor-
phological classiﬁcations, BPT analysis, and physical parameters derived from SED
ﬁts. We explore the variation in speciﬁc SFR and AGN fraction with morphology,
compare star formation rate estimators, and provide a morphological breakdown of
the IR luminosity distribution.
Focusing on the Spirals and Barred Spirals from the M-IIFSCz, we ﬁnd their
distributions of speciﬁc star formation rates are statistically consistent. Conversely,
Barred Spirals have a signiﬁcantly higher AGN fraction than non-barred Spirals at
both high and low stellar masses, but if we control for g-r colour, the AGN fraction
is independent of bar presence. We discuss the implications of this result.
We perform spectroscopic follow-up of 46 galaxies identiﬁed in the IIFSCz as
ULIRGs and HLIRGs through photometric redshifts. By deriving spectroscopic
redshifts, we show that their photometric redshifts are overestimated by an aver-
age factor of zphot/zspec=1.7. We quantify the implications for the Luminosity
Function and show that applying a general correction for photometric redshift over-
estimation reduces the number density of HLIRGs by 75%.
At 1<z<4, we study 35 QSOs and ﬁnd that rapid accretion is occuring onto
relatively low-mass black holes. Their SFR:accretion rate ratios average 100:1; con-
siderably lower than the typical value of 1000:1 seen in low-to-medium luminosity
AGN in the local Universe, potentially due to star formation suppression.
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It has been said that astronomy is a humbling and character-building ex-
perience. There is perhaps no better demonstration of the folly of human
conceits than this distant image of our tiny world. To me, it underscores
our responsibility to deal more kindly with one another, and to preserve
and cherish the pale blue dot, the only home we’ve ever known.
Carl Sagan, Pale Blue Dot
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Chapter 1
Introduction
1.1 A Brief History of Space Infrared Astronomy
“In the beginning the Universe was created. This has made a lot of people
very angry and been widely regarded as a bad move.”
- Douglas Adams, “The Restaurant at the End of the Universe”,
Pan Books, 1980
Current consensus dictates that approximately 13.8 billion years ago, the Universe
came into existence through a sudden and violent expansion from a singularity: the
Big Bang. The Universe is then thought to have entered a brief but dramatic period
of inﬂation, lasting until the Universe was approximately 10−32 seconds old. The
theory of inﬂation has recently received additional observational support from the
BICEP2 collaboration (Ade et al. 2014), who detected a type of B-mode polarisa-
tion in the Cosmic Microwave Background - the “heat” leftover from the Big Bang,
as ﬁrst detected by Penzias and Wilson (1965) - that is consistent with gravitational
waves generated during inﬂation.1
After inﬂation the Universe expanded and cooled, forming a plasma of quarks
and gluons, which combined into baryonic matter approximately 10−6 seconds after
the Big Bang. By the time the Universe was 380,000 years old, it had cooled enough
for atomic matter, such as Hydrogen, to form, “decoupling” photons from matter
and allowing them to travel more freely. This marked the origin of the Cosmic Mi-
1Although also see Mortonson & Seljak (2014) and Flauger, Hill & Spergel (2014), who argue
that the BICEP2 results may be unreliable.
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crowave Background.
Once atomic matter had formed, gravity motivated the growth of structure,
forming clouds of gas that themselves formed the ﬁrst stars and galaxies. These
ﬁrst stars produced the ﬁrst dust, comprised of various types of grains such as
silicate- and carbon-based molecules, which absorbed the visible light from the stars
and re-emitted them in the longer-wavelength, infrared bands, spanning 1-500µm.
Infrared studies are therefore invaluable in understanding dusty, obscured galaxies.
“...ground-based infrared astronomical measures can be made only through
the several atmospheric windows. Some infrared spectral regions, such
as those around 1.8µm, 2.8µm, 6.5µm and beyond 22µm, are closed to
ground-based observations because of the very great atmospheric absorp-
tion.”
- Harold L. Johnson, “Astronomical Measurements in the Infrared”,
The Annual Review of Astronomy & Astrophysics, 1966
Half a century ago, the atmosphere was an enormous obstacle in studying the
sky, preventing astronomers from seeing the full infrared (IR) emission from any
astronomical source. It serves as a reminder that infrared astronomy has improved
dramatically in just a few decades, beginning with the 1983 launch of the ﬁrst in-
frared space telescope, the Infrared Astronomical Satellite (IRAS, Neugebauer et al
1984a).
1.2 Infrared Surveys
As a galaxy ages, cold dust collapses under gravity to form stars. This stellar
population inﬂuences the physical appearance of the galaxy, both in terms of its
luminosity and colour. When the stars grow old, some will produce strong outﬂows,
and when they die, some will produce supernovae, all of which which can feed back
into the host galaxy and impact upon the formation of new stars as the shock waves
encounter clouds of dust and gas. As successive stellar populations deplete the dust
and gas reservoirs, the luminosity and colour of the galaxy will change once again.
As well as the stellar population, a galaxy’s supermassive black hole can inﬂuence it
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greatly throughout its lifetime. If the black hole is accreting dust, gas or stars suf-
ﬁciently rapidly, the accretion disk will out-shine the rest of the galaxy. Such rapid
accretion may also feed back into the galaxy, again impacting on the star formation
abilities of the host galaxy. Clearly, these are events that are intricately connected
and each can aﬀect and be aﬀected by the other, and all of these will be discussed at
length in this thesis. What is also clear is that, over long periods of time, these are
processes that fundamentally change the appearance and behaviour of the galaxy:
the galaxy evolves.
Infra-red emission from galaxies is a fundamental tracer of their evolution from
the Big Bang until now. This is because, the dominant modes of galaxy change
and growth yield distinctive IR emission. Stellar birth clouds yield FIR emission
from cold dust and NIR emission in the form of PAH features (see Section 1.2.2).
Warm, dusty supermassive black hole tori emit in the mid-infrared (see Section 1.7).
These are the two main secular forms of galaxy evolution. Galaxy interactions and
merging, which are also have thought to have been signiﬁcant and repeated events
for massive galaxies throughout cosmic time (e.g. Darg et al. 2010), can trigger
both of the above events, boosting IR emission across the spectrum.
In light of this, large-scale IR surveys have proven invaluable in tracing galaxy
evolution, not only for appreciable sample sizes of galaxies, but also for samples
that span various cosmic epochs. Hacking, Condon & Houck (1987) found that data
from the IRAS mission (see Section 1.1.1) showed that 60µm source counts for faint
sources - i.e. the number of sources on the sky detected with a ﬂux of less than
100 mJy at 60µm - was greater than would be expected had no evolution occured
between 0≤z≤0.2. The authors proposed that their data could be used to test evo-
lutionary models based on changes in luminosity and space density over time.
Since then, various attempts have been made to gather extragalactic FIR data
in order to better constrain galaxy evolution models. Pascale et al. (2008) described
the Balloon-borne Large Aperture Submillimeter Telescope (BLAST), which was de-
signed to record deep observations at 250, 350, and 500 m of both nearby and distant
galaxies. Their aim was to measure star formation activity at diﬀerent epochs, al-
lowing a comparison of galaxies of diﬀerent ages along the evolutionary sequence.
Later in this thesis, we will look in detail at how star formation changes over the
course of galaxy evolution: it can be considered both a cause and an eﬀect of this
evolution.
The Herschel Space Observatory (Pilbratt et al. 2010) provided a more sophis-
ticated follow-up to the BLAST mission, and provided the ﬁrst survey with suﬃcient
quality data to reliably separate the IR emission from individual galaxies from that
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comprising the Cosmic Infrared Background (see Section 1.4). Herschel has pho-
tometrically and/or spectroscopially mapped a huge number of diﬀerent types of
galaxies from diﬀerent epochs, within a wavelength range of 55-672 µm. Elbaz et al.
(2011) go on to use 100-500 µm Herschel data to examine the evolution of galaxies
from 0≤z≤2.5, by using the FIR data to probe star formation and AGN activity.
Fu et al. (2013) showed that it is even possible to use Herschel data to probe
evolution in the most extreme cases; in their case, a major galaxy merger with a
star formation rate of 2,000 M⊙/yr, thought to be the progenitor of a modern-day,
massive Elliptical galaxy.
It is now commonplace for FIR surveys to gather increasingly sensitive data to
allow a statistical comparison of diﬀerent evolutionary models. Large-scale projects
such as HerMES (Oliver et al. 2012), H-ATLAS (Eales et al. 2010a), and GAMA
(Driver et al. 2009), are all currently using FIR data to study galaxy evolution. In
Section 1.5, we provide a detailed summary of key literature on galaxy evolution
since high redshift.
We shall now brieﬂy outline some of the most important IR telescopes and sur-
veys.
1.2.1 IRAS
IRAS had 62 detectors, sensitive from 8.5 µm - 120 µm in total, as well as a spec-
trometer covering the range 8 µm - 23 µm (Jennings 1984). IRAS was revolutionary
in that it was sensitive enough to detect many extra-galactic infrared sources at the
longer infrared wavelengths (Sanders & Mirabel, 1996). The ﬁrst IRAS sky survey
made an extremely signiﬁcant impact on astronomy as a whole: it covered 95% of
the sky at 12 µm, 25 µm, 60 µm and 100 µm, detecting ∼250,000 point sources
(many of which were galaxies; the angular resolution was 2’ at 100µm) and thus
increasing by half the total number of recorded astronomical objects in existence;
until then a mere 500,000 (Neugebauer et al 1984b).
1.2.2 ISO
One of the major successors of IRAS was the Infrared Space Observatory (ISO),
launched in 1995. The 1990s were referred to by Helou & Kessler (1995) as the
“Decade of the Infrared”. ISO ’s capabilities expanded upon those of IRAS, ex-
tending spectroscopy from 2.5µm to 200µm, photometry from 2.5 µm to ∼240 µm,
and increasing the sensitivity in both cases (Kessler 1995, Kessler et al. 1996). As
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explained by Salama (2004);
“During its routine operational phase, which lasted until April 1998 -
almost a year longer than specified, ISO successfully made some 30,000
individual imaging, photometric, spectroscopic and polarimetric observa-
tions ranging from objects in our own solar system right out to the most
distant extragalactic sources.”
1.2.3 IRTS
The Infrared Telescope in Space (IRTS, Murakami et al. 1994) was a targeted
telescope with a one-month lifetime that incorporated NIR (1.4-4.0 µm) and MIR
(4.5-11.7 µm) spectrometers, as well as a FIR “line mapper” (145, 155, 158, 160
µm) and FIR photometer (150, 250, 450, 700 µm). Many studies used IRTS data
to improve our understanding of dust properties in the interstellar medium (Chan
et al. 2008, Shibai et al. 1999, Onaka 2000).
1.2.4 Spitzer
During the next decade, a new infrared space observatory was built: the Spitzer
Space Telescope, launched in 2003. Spitzer was equipped with a camera with de-
tectors at 3.6 µm, 4.5 µm, 5.8 µm and 8 µm that could image simultaneously; a
photometer with 24 µm, 70 µm and 160 µm bands, spectrophotometry from 53-
100 µm; and four spectroscopy modules covering approximately 5-40 µm in total
(Werner et al. 2003).
One of Spitzer ’s greatest legacies is the Spitzer Wide-Area Infrared Extragalac-
tic Survey (SWIRE, Lonsdale et al. 2003), which was a large survey - covering >60
square degrees - intended to study the evolution of dusty galaxies and Active Galac-
tic Nuclei (AGN) out to z∼3. It incorporated photometry in all seven Spitzer bands,
and detected over 2,000,000 galaxies including ∼150,000 “Luminous” infrared galax-
ies (LIRGs; further discussed in Section 1.3).
An additional beneﬁt is that one of the SWIRE ﬁelds overlapped with ap-
proximately 9 deg2 of the X-ray Multi Mirror Large Scale Structure (XMM -LSS,
Valtchanov & Pierre 2003) survey, an X-ray program conducted with the XMM-
Newton telescope, (launched in 1999; Jansen et al. 2001), covering 0.3-10 keV. This
presents the opportunity to study objects which are bright in both the infrared and
soft-to-hard X-ray wavebands. As will be discussed in Section 1.4, X-rays can be a
useful indicator of the presence of an active (accreting) supermassive black hole at
a galaxy’s centre.
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Spitzer ﬁnally depleted its cryogens in 2009 and entered its warm phase (where
FIR emission from the telescope itself prevents further observations in this wave-
band).
1.2.5 Akari
Akari (Murakami et al. 2007) operated from its launch in 2006, until it was shut
down in 2011. It ran out of coolant in 2007 after surveying 94% of the sky at 9, 18,
65, 90, 140, and 160 µm, as well as completing pointed observations across 13 bands
from 2-180 µm. From 2007-2011, after running out of coolant, Akari observed in the
1.8-5.5 µm range. Bertout (2010) provides a comprehensive breakdown of Akari ’s
results, which include the Ueta et al. (2008) discovery of a bow shock seen to
be generated by the movement of the star Betelgeuse, in the constellation Orion,
through the interstellar medium.
1.2.6 Herschel
With both Akari and Spitzer having depleted their coolant, 2009 marked the much-
anticipated launch of the Herschel Space Observatory (Pilbratt et al. 2010). Her-
schel is the largest space telescope ever launched, and with photometry at wave-
lengths of 55-500 µm, spectroscopy at wavelengths of 55-625 µm, and spectral res-
olution of up to 1,000,000 (e.g., Goldsmith 2011), it is the ﬁrst space telescope to
bridge the far-IR and submillimeter bands. As such, it became an icon of modern
infrared astronomy, producing images of unprecedented quality such as that of the
Andromeda Galaxy in Figure 1.1.
On 29 April 2013, Herschel ran out of its cryogenic coolant and has now been
switched oﬀ. However, its data are still revealing new results and yielding new dis-
coveries: in the ﬁrst half of this year alone, Herschel was responsible for the ﬁrst
ever detection of water vapour around the dwarf planet Ceres (Ku¨ppers et al. 2014)
as well as the completion of the Herschel Reference Survey (Cortese et al. 2014), a
photometric catalogue of 323 galaxies designed to reveal how dust in a galaxy varies
with other properties such as visible appearance and star formation properties.
1.3 The Importance of IR Astronomy
The aforementioned atmospheric obstacles, as well as technological limitations,
meant that early astronomy was largely dependent on optical telescopes. How-
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Figure 1.1: Herschel ’s view of the Andromeda Galaxy. X-ray emission as seen by
XMM-Newton is shown in blue. Image credit: ESA/Herschel/PACS/SPIRE/J.
Fritz, U. Gent; X-ray: ESA/XMM-Newton/EPIC/W. Pietsch, MPE.
ever, this neglected a large amount of information: galaxies which are bright in the
optical are not necessarily bright in the infrared, and vice versa. A simple correction
cannot be made between optical and IR, as not only is the origin of each emission
very diﬀerent, but optical (and other) emission is often re-processed into the infrared
by interstellar dust. We shall now discuss the importance of infrared observations
of two of the most important kinds of galaxy activity: star formation and black hole
accretion.
1.3.1 Star formation I: Cold gas and dust
Dust is a key ingredient both in the formation of stars (as it is denser than atomic
gas and hence encourages gravitational collapse), and is also a product of stars them-
selves, and as such it is an integral part of stellar birth and death. The infrared
portion of the electromagnetic spectrum, ∼1-350 µm, encompasses the peak of cold
(20-40 K) interstellar dust emission, so infrared observations are ideal for detecting
cold and dusty regions harbouring star formation. Higher-energy emission (e.g., ul-
traviolet) from stars within the cloud is absorbed by this cold dust, and perhaps
also scattered (e.g., Boulanger et al. 1998), hiding the evidence for star formation
at shorter wavelengths. The absorbed energy is then re-emitted in the infrared.
Dust is comprised of a variety of molecules, such as large, carbon-containing
molecules, and silicates. Protostellar objects form through the gravitational col-
lapse of cold (T.30 K) clouds of gas and dust, before igniting thermonuclear fusion
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and passing onto the Main Sequence (providing the mass is suﬃcient). Late in the
star’s life, the dust, now further metal-enriched, is released back into the interstel-
lar medium, for example through mass loss from Asymptotic Giant Branch (AGB)
stars1 (e.g., McDonald et al. 2011), or through stellar death by supernova (Dunne
et al. 2003, although see also Silvia et al. 2010 which suggests supernovae destroy
more dust than they create).
Galaxies that emit strongly in the far-IR (∼100µm or longwards) are likely to
be star-forming, as these longer wavelengths trace the colder dust within the cloud,
which is 10-20 K on average (e.g., Miettinen et al. 2010, Wilcock et al. 2011, Ju-
vela et al. 2011). The relation between dust and star formation can reveal much
about the evolution and physics of star formation; for example Li et al. (2003) and
Zhang et al. (2014) discuss the search for cold, dense, massive pre-protostellar cores,
detected through dust emission at 350 µm. Studying dust in star-forming regions
shows us where a star will be born, before thermonuclear fusion has even begun,
and allows us to infer properties such as temperatures, densities, and whether grav-
itational collapse has started. On larger scales, dust data allows us to link dust
luminosity to the star formation rate within a galaxy, and it is this application of
infrared dust detection that this thesis will focus upon.
1.3.2 Star formation II: Polycyclic Aromatic Hydrocarbons
At the near-IR end of the spectrum, there is a 3.3 µm rest-frame “polycyclic aro-
matic hydrocarbon” (PAH) emission feature. PAH molecules exist in the outﬂows
of old, low-mass stars and when they absorb a UV photon, they convert its energy
into vibrational energy. The molecule then cools by emitting one or more infrared
photons at speciﬁc wavelengths (Spoon 2003). Other broad PAH emission features
are found at 6.2 µm, 7.7 µm, 8.6 µm, 11.3 µm and 12.7 µm. Due to the location of
PAH molecules in regions of far-UV photons, PAH emission can be used to directly
probe extra-galactic stellar activity (e.g., Mason et al. 2007 and references therein),
as hot young stars emit copious levels of UV radiation. Two examples of Spitzer
galaxy spectra (z∼2) exhibiting broad PAH emission features are shown in Figure
1.2.
Additional spectral features, due to silicate absorption, are found around 9.7
µm and 18 µm. Together with PAH features, these prove to be extremely useful
1Low to intermediate-mass stars in the ﬁnal stages of their lives; strong winds blow away their
outer layers.
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Figure 1.2: Mid-IR Spitzer spectra of two galaxies, IRS9 and IRS2, both at
z∼2, which both exhibit broad emission PAH features at 6.2 µm, 7.7 µm, 8.6 µm
and 11.3 µm (Yan et al. 2005, Figure 1a). The blue and red lines are the original
spectra, the black line is the smoothed overall spectra (scaled upwards for ease of
viewing), and the cyan squares are Spitzer photometry.
diagnostics of very IR-luminous galaxies (see section 3) at high redshifts, where lim-
ited data is often available (e.g., Desai et al. 2007).
Another advantage of studying PAH features is that they can indicate whether
the central Supermassive Black Hole in a galaxy is active, as such activity is corre-
lated with smaller equivalent widths of the PAH features (e.g., Spoon et al. 2007).
Ultimately, however, PAH emission is not considered to be as reliable as mea-
suring star formation indirectly through gauging dust luminosity. PAH molecules
can be destroyed in a variety of ways and are not expected to exist for more than
105 years on average (Duley & Williams 1986).
1.3.3 Supermassive black holes
If the supermassive black hole in the center of a galaxy (see Section 1.7) is actively
accreting matter, there may be a torus of dust surrounding the nucleus, which
will be heated as the dust grains within it absorb the high energy optical, UV,
and X-ray emission from the black hole’s accretion disk. The torus will then re-
emit this absorbed radiation at a peak rest-frame wavelength in the mid-IR; usually
around 24µm (as calculated by, e.g., Pier & Krolik 1992b), conveniently avoiding the
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PAH emission and silicate absorption features. Mid-IR observations can therefore
detect both starbursts (assuming the PAH molecules are intact) and active galactic
nuclei, which, as discussed in the later sections, appear to strongly inﬂuence one
another. The addition of far-IR data, to detect emission from the cold gas, can
further constrain the star formation rate. However, detecting the very coldest gas
requires submillimeter telescopes.
1.4 Submillimeter Astronomy
The submillimeter wavelength range from 500-1,000 µm - infrared’s long-wavelength
neighbour - is very powerful, and observations in this band can provide complemen-
tary information on sources that we study in the infrared. Unlike with FIR tele-
scopes, submillimeter observations can be made from the ground as well as in space.
The emission from the coldest matter in the Universe, which can have temper-
atures as low as a few Kelvin, peaks at submillimetre wavelengths. From Wien’s
Law, if we assume that an astronomical source can be considered as a simple black
body emitter, we can infer the temperature that corresponds to a given wavelength;
λmax =
b
T
(1.1)
where b is Wein’s displacement constant, approximately equal to 0.0029 meters
Kelvin. Famously, if we apply this law to the Cosmic Microwave Background, from
which the emission peaks at approximately 1.1 mm, we can quickly conclude that
the temperature of the Universe is approximately 2.7 K: at the time of decoupling
at z≈1,000, the temperature would have been 3,000 K (and the wavelength corre-
spondingly shorter), but as the Universe has expanded the photons at the peak were
redshifted to their current, longer wavelength of ∼1.1 mm.
In terms of extragalactic astronomy, for the lower end of the submillimeter range
at 300 µm, we are already probing temperatures of ∼10 K. If we push into the mil-
limeter range, a wavelength of 2 mm corresponds to just 1.44 K. These temperatures
correspond to extremely cold pre-protostellar clouds of gas and dust, allowing us to
study them before star formation has even begun. Such temperatures can also arise
from the remnants of dead stars, such as the Boomerang Nebula, parts of which the
Atacama Large Millimeter Array (ALMA) have measured to be as cold as ∼1.1 K
(Sahai et al. 2013).
We shall now brieﬂy introduce various telescopes and instruments which are or
have been important in submillimetre astronomy in the past decade.
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SCUBA:
The Submillimeter Common-User Bolometer Array (SCUBA, Holland et al. 1999),
was a photometer used at the James Clerk Maxwell Telescope in Hawaii from 1997
- 2005, operating from 450 µm to 850 mm. Its successor, SCUBA-2 (Holland et
al. 2013), was commissioned in 2011 and has a ﬁeld of view 8 arcminutes in di-
ameter (compared to SCUBA’s 2.3 arcminutes). SCUBA-2 has been used to better
understand the origins of the Cosmic Far-IR Background (Chen et al. 2013).
Planck :
The Planck surveyor was launched with Herschel in 2009. It has two instruments,
which together observe a total of nine frequencies. The high frequency instrument
on Planck covers the submillimeter-to-millimeter range, with detectors at 340 µm,
550 µm, 850 µm, 1.38 mm, 2.10 mm and 3.00 mm (Planck Collaboration 2011).
Much of the millimetre sky is dominated by emission from cold dust and gas within
the Milky Way (see Figure 1.4), and in 2013, Planck released its full-sky map of the
cosmic microwave background, with emission from our galaxy subtracted from the
original. This revealed that the age of the Universe is 13.798±0.037 billion years
and consists of 4.9% baryonic matter, 26.8% dark matter, and 68.3% dark energy
(Planck Collaboration 2013). Planck eventually depleted its coolant and was deac-
tivated during October 2013.
ALMA:
Interferometry has been successfully employed for many decades in radio astronomy,
and the Atacama Large Millimeter Array (ALMA, Wootton & Thompson 2009) is
the latest, and certainly the best, venture into applying this technique at the mil-
limetre wavelengths. As of June 2014, ALMA is comprised of sixty six antennae
working in unison on the Chajnantor plateau in Chile, with a ﬂexible baseline of up
to 14 kilometres. ALMA began taking preliminary observations in 2011 and imme-
diately delivered outstanding data quality, with its ﬁrst result being the publication
of the best-ever submillimetre image of the Antennae Galaxies (Figure 1.3), accu-
rately tracing the cold, star-forming gas within these two merging galaxies (Herrera
et al. 2012).
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Figure 1.3: ALMA’s view of the Antenna Galaxies, overlaid on an optical image
from the Hubble Space Telescope. Image credit: ESO, Space Science Institute.
1.5 The Cosmic Infrared Background
The Cosmic Infrared Background (CIB) represents one of the challenges of infrared
astronomy: its origins lie in the extra-galactic background light (EBL; the sum of all
photons emitted since the Big Bang), which is very diﬃcult to measure but is known
to exhibit two peaks: one at optical wavelengths and one at infrared wavelengths
(Dole et al. 2006, Domı´nguez et al. 2011).
As discussed by Hauser & Dwek (2001), theoretical simulations of cosmic evo-
lution initially struggled to explain the CIB as it was not until the 1970s that
astronomers began to consider the eﬀects of dust. Finally, observational measure-
ments of the CIB were reported by Puget et al. (1996) and Fixsen et al. (1998).
Theoretical models, e.g. Baugh et al. (2005), have now managed to successfully
recreate both the optical and infrared properties of the current galaxy population
through careful consideration of the re-processing eﬀects of dust and the initial mass
function (IMF).
The CIB appears to have been ﬁrst created during the formation of structure
in the early universe, with redshifted emission from the ﬁrst stars comprising an im-
portant component (e.g. Kashlinsky & Band 2005). Studies have shown that 50% of
starlight emitted throughout cosmic history has been absorbed by intervening dust
and re-emitted in the infrared regime (Hauser & Dwek 2001), and this infrared emis-
sion comprises the bulk of the CIB. Actively accreting Supermassive Black Holes
will also have contributed to the CIB over cosmic time, as their high-energy emis-
sion will also have been re-processed into the infrared by dust. Figure 1.4 shows an
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Figure 1.4: This all-sky image was created using observations from the full
wavelength range of Planck. Superimposed are six regions outside of the galactic
plane which have been studied by Planck at 217 GHz to reveal the Cosmic Infrared
Background. In these six zoomed panels, the strongest emission is represented by
the lightest colours, corresponding to denser large-scale structure, e.g. galaxy
clusters. Image credit: ESA/Planck Consortium
all-sky Planck image in which the CIB is visible in six zoomed-in regions outside of
the Galactic plane.
The CIB therefore allows an insight into the cosmic stellar history, and so into
the formation and evolution of galaxies. This realization has led to extensive mod-
elling of luminosity functions (see Section 1.5), semi-analytical modelling to generate
false galaxy catalogues, cosmic chemical evolution, and semi-empirical physical mod-
els (Younger & Hopkins 2011 and references therein).
An additional motivation for better understanding the CIB is that it is not
fully resolved at infrared wavelengths (just 7-23% is resolved into sources by Spitzer ;
Dole et al. 2004), which means that even for high SNR infrared data for individ-
ual sources, the CIB still has a large-scale eﬀect which is very diﬃcult to remove
(Planck Collaboration 2011). New advances have been made by Herschel, which has
managed to resolve 64% of the CIB in the 250µm band, 60% at 350µm and 43% at
500µm, where source confusion noise becomes large (Glenn et al. 2010).
Clearly, it is crucial to understand and consider the interplay between optical
and infrared emission in galaxies, as they are so inter-linked. New methods of under-
standing the spectral energy distributions of galaxies, and therefore inferring various
of their physical properties, are now based upon the consideration of optical (and
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UV) emission being re-processed into the infrared wavebands. The Multi-wavelength
Analysis of Galaxy Physical properties (MAGPHYS, da Cunha, Charlot & Elbaz
2008) model is one such method, and will be explored later in this thesis.
1.6 The Evolution of Dusty Galaxies
1.6.1 Luminosity Functions
The galaxy Luminosity Function (LF) is perhaps the most powerful tool for studying
the entire galaxy population at any given epoch of the Universe. The LF describes
the number of galaxies of a given luminosity per unit of volume (i.e., the comoving
space density: for LFs, this unit of volume is typically cubic Megaparsecs), within a
given redshift bin. More simply, the LF describes the relative abundance of galaxies
of diﬀerent luminosities within a given volume “shell” of the Universe.
The concept of considering the space density of galaxies split by some chosen
property was originally developed to study the relative abundances of galaxies (or
clusters) of diﬀering mass, and was described mathematically by the Press-Schechter
formalism (Press & Schechter 1974). Shortly afterwards, this formalism was adapted
to reﬂect luminosity rather than mass, giving the following form (Schechter 1976):
φ(L)dL = φ∗(L/L∗)αexp(−L/L∗)d(L/L∗), (1.2)
where φ(L)dL is the number of galaxies with luminosity ranging from L to L+ dL,
per unit volume, and values with an asterisk are unknowns to be measured from
observations: φ∗ is some space density, L∗ is the “characteristic luminosity”- where
the slope of the LF is expected to change sharply - and α is the slope of the LF
for values of L much less than L∗. An example Luminosity Function is displayed in
Figure 1.5.
The variation of the LF across cosmic time contains a wealth of information.
The space density variation of galaxies at high redshift is heavily dependent on
density ﬂuctations in the primordial Universe, meaning that the LF can provide
constraints on cosmological models of this early epoch (e.g. Schleicher & Miniati
2011). The FIR LF can tell us about how star formation has varied with time,
and therefore about how the gas supply of galaxies has changed (e.g., Walter et al.
2014 study the CO Luminosity Function to quantify how molecular gas density has
changed since z∼3). Comparing the LF with the galaxy mass function can help us
to better understand the relation between the mass of a galaxy and the luminosity
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Figure 1.5: An example Luminosity Function, illustrating the diﬀerences be-
tween the Luminosity Distributions of the star-forming and quiescent segments
of a galaxy population. The dashed line represents Φ(M) × L/L∗; the relative
luminosity of galaxies in each absolute magnitude bin.
that it generates - in fact, Zaninetti (2008) use the galaxy mass function to predict
a new version of the Luminosity Function, providing an alternative to the Schechter
function. Additionally, assuming hierarchical structure formation, varying abun-
dances of galaxies with diﬀerent luminosities can be traced back to galaxy mergers,
where smaller galaxies collide and combine to form much more massive and highly
luminous galaxies, which are characterised by intense star formation and, typically,
rapid black hole growth (as will be discussed later in this Chapter). These highly
luminous galaxies lie in the rapidly declining region of the LF and are therefore
very rare, meaning that accurate measurement of their numbers, as well as the cor-
rect estimation of their redshifts so as to determine their luminosities correctly, is
vital for theories to properly constrain the mergers, extreme starburst events and
rapid accretion that deﬁne these galaxies. There are only a small fraction of such
galaxies at any given epoch, so their high-luminosities are expected to be somewhat
short-lived, but, as argued by Conselice (2006), if one integrates the observed galaxy
merger rate, one ﬁnds that a massive galaxy (with a stellar mass of at least 1010
M⊙) should have undergone between 4 and 5 mergers since z=3.
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1.6.2 Dust in the Early Universe
If we want to look back to the early Universe, such as to when the ﬁrst galaxies
formed 200 Myr after the Big Bang (e.g. Richard et al. 2011 discovered a galaxy at
z=6.027), then we can only study the most luminous galaxies, as light from fainter
galaxies becomes increasingly hard to detect. In the IR, these galaxies are the Lu-
minous and Ultra-Luminous Infrared Galaxies (LIRGs and ULIRGs; see Section
1.6). To push to the very highest observable redshifts at z≥6, we must study the
powerful quasars (see Section 1.7), which have been detected out to z=7.085 (ULAS
J1120+0641; Mortlock et al. 2011), or Gamma-Ray Bursts (GRBs, the origins of
which are still uncertain, but which are thought to be incredibly luminous outbursts
associated with “failed” type 1b supernovae 1 of Wolf Rayet stars, e.g. Woosley et
al. 1993), one of which is the highest-redshift source with a spectrum (GRB 090423;
Tanvir et al. 2009). Distant galaxies that have been magniﬁed through gravitational
lensing are also being found at these high redshifts, with z8 GND 5296 at z=7.51
representing the most distant galaxy spectroscopically conﬁrmed to date (Finkel-
stein et al. 2013).
At low redshifts, infrared observations probe the dust in galaxies. However, at
high redshifts, less dust is seen: Zafar et al. (2011) study three known z>6 GRBs
and ﬁnd either low or zero dust extinction. This result is also noted by Finkelstein et
al. (2010) who ﬁnd little or no dust attenuation in galaxies with 6.3<z≤8.6. Since
GRBs are associated with supernovae, they must originate from a site of recent
star-formation, and these ﬁndings therefore suggest a lack of dust in star-forming
regions at high redshifts. However, there are a number of contradictory reports,
such as Bertoldi et al. (2003) and Priddey et al. (2003), who ﬁnd copious amounts
of dust in quasars at z>6. Only a handful of z>6 quasars have been conﬁrmed,
which limits our understanding of dust properties in these young, distant galaxies.
When dust does begin to form, it does so very rapidly in the early stages of
a galaxy’s lifetime: Gall et al. (2011) use chemical modelling to show that in z>6
quasars, this rapid dust generation can occur as soon as 30Myr after a starburst
is ignited, and their results suggest that the contribution to dust from AGB stars
in these objects is far less signiﬁcant than that from supernovae. MichaÃlowski et
al. (2010a) study a sample of nine quasars at z>5 and also ﬁnd that supernovae
are more important than AGB stars for dust production. In a second paper by
MichaÃlowski et al. (2010b), for three of a sample of six bright submillimeter galax-
ies (SMGs) at z>4, AGB stars can account for the dust, whereas the other three
1whereby the star directly collapses into a black hole
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objects again require supernovae. Maiolino et al. (2004) study near-IR spectra of
eight quasars at 4.9<z<6.4 and suggest that dust at these redshifts may be purely
produced by Type II supernovae, and exhibits diﬀerent properties to dust at lower
redshifts.
Studies of the rest-frame UV emission of galaxies from z=2-6 by Bouwens et al.
(2009) suggest that star-forming galaxies at around z=5 suﬀer from very little dust
obscuration, and they conclude that extinction in galaxies has increased over time,
with the increase proportional to the UV luminosity of the galaxy.
It seems clear that in the early Universe, dust was produced primarily from dy-
ing stars. Very high redshift dust may be diﬀerent to the dust we see today thanks
to the changing stellar population over cosmic time. Rapid dust formation at high
redshift implies that there were rapid star formation rates, or “starbursts”, in these
objects.
1.6.3 The First Starburst Epoch
The ﬁrst ever generation of stars is referred to as Population III. Naoz, Noter &
Barkana 2006 hypothesize that Population III stars may have begun to form as early
as 30 Myr after the Big Bang (z∼65), although galaxies comparable in mass to the
Milky Way did not form until the Universe was ∼400 Myr old (z∼11). Population III
stars are particularly diﬃcult to detect; in the optical bands they are enshrouded
by thick dust (created by the stars themselves - e.g., Nozawa et al. 2014 model
dust formation in Population III red supergiant winds), which attenuates their light
(e.g., Fischera & Dopita 2004). Because they were the ﬁrst stars to ever form, they
are completely metal-free, and Ohbuko et al. (2009) calculate that they may have
reached masses of up to 1,000M⊙. When they died, they created intermediate black
holes which may have been the building blocks of the supermassive black holes we
see in galaxies today.
Both Gall et al. (2011) and MichaÃlowski et al. (2010a) estimate high star
formation rates (SFR) in galaxies at early epochs: note that these are the same
studies which revealed rapid dust production in these systems, highlighting the link
between dust creation and star formation. Gall et al. use a chemical evolution model
to derive typical SFRs for their galaxies of 3,000M⊙/yr at z>6 (when the Universe
was <0.9 Gyr old), while MichaÃlowski et al. (2010b) model the UV-to-radio spectral
energy distributions of six SMGs and derive a similar typical SFR of 2,500M⊙/yr
for their z>4 galaxies (<1 Gyr after the Big Bang).
1.6 The Evolution of Dusty Galaxies 35
What caused such rapid starbursts, and therefore such rapid dust production
in the early universe? As is further discussed in Section 1.7, galaxy mergers and
interactions are a known trigger of star formation. Conselice (2008) suggests that
a typical massive galaxy underwent 4-5 major mergers between z∼3 and z∼1.5;
with most occurring at z>2. Beyond this redshift, theoretical simulations become
necessary as it is extremely diﬃcult to observationally identify mergers at high
redshift. N-body simulations (Wetzel et al. 2009) suggest that 30% of all galaxies
experienced a major merger between 4<z<2.5, i.e. when the Universe was between
1.5-2.5 billion years old. Furthermore, Li et al. (2007) perform N-body simulations
which, by z∼6.5, successfully produce a luminous quasar as well as SFRs reaching
10,000M⊙/yr, and suggest that the largest galaxy halo at z∼6 will have undergone
7 major mergers between 6.5<z<14.4.
Theoretical studies therefore support observations of intense star formation and
dust production at high redshifts, and suggest galaxy mergers played an important
role in galaxy mass assembly via starbursts in the early Universe. However, mergers
are thought to not be the only trigger of star formation: cosmological simulations by
Dekel et al. (2009) suggest that at high redshifts, feeding from cold streams drives
75% of star formation in galaxies (with the exception of the highest luminosity
submm galaxies, which are indeed merger dominated).
1.6.4 Star-Formation Over Cosmic Time
1.6.4.1 A Case Study
A detailed study of the evolution of star formation rates (SFR) from z=5 until
the present day using various datasets has been performed by Tresse et al (2007)
and references therein, using a sample of 7,631 spectroscopically-conﬁrmed galaxies
detected in the optical by the Very Large Telescope (VLT). The evolution of star
formation density with redshift is shown in Figure 1.6. Their conclusions are as
follows:
(i) The most massive and luminous of the ﬁrst galaxy population deplete their
supply of cold, star-forming gas at z>>4, and from z≈3.5 evolve passively.
(ii) The less massive, less luminous of the ﬁrst galaxy population are able to main-
tain their fuel supply until z=0.2; at smaller redshifts they too are passively
evolving.
(iii) The SFR density (SFR per cubic Mpc) appears to increase chronologically
between 3.4<z<5, corresponding to the period of growth of the most luminous
1.6 The Evolution of Dusty Galaxies 36
Figure 1.6: The Star Formation Rate (SFR) Density as a function of redshift,
taken from Tresse et al. (2007, their Figure 12). The diﬀerent symbols represent
various datasets while the lines represent three diﬀerent models (Tresse et al. 2007
and references therein).
galaxies.
(iv) The SFR density then decreases until z∼2.
(v) At z<2, the intermediate luminosity galaxies undergo a factor 100 decline in
SFR.
(vi) The SFR density then increases until z∼1.2, due to the star-formation shifting
to the latest generation of (less luminous) galaxies.
(vii) Finally the SFR density decreases until the present day.
In essence, these conclusions assert that the early Universe was most active in terms
of star formation, and that star formation activity has continuously diminished
since then. This asserts the phenomenon of downsizing, as introduced by Cowie et
al. (1996):
“We shall refer to this remarkably smooth downward evolution [i.e., from
high to low redshift] in the maximum luminosity of rapidly star-forming
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galaxies as “down-sizing”...”
In other words, star formation activity peaked in the most massive, most lu-
minous galaxies at high redshifts, but as the Universe has aged, the activity has
shifted to increasingly lower-mass, lower-luminosity galaxies. We are now living in
a largely quiescent epoch, where even the lower-mass and lower-luminosity galaxies
are now diminishing in terms of their star formation rates.
The seventh conclusion above is in agreement with Chen et al. (2009), who
utilise a sample of 600-1000 galaxies and ﬁnd that the speciﬁc star formation rate
(SSFR; the SFR divided by the stellar mass) decreases from z=1 to z=0 by a factor
of 3-4; regardless of galaxy mass. This can be explained by decreasing SFR since
z=1, perhaps in combination with increasing mass, resulting from merger events
(e.g., Trujillo et al. 2007).
Juneau et al. (2005) also ﬁnd evidence to support this case study, ﬁnding that
for the most massive galaxies, the SFR decreased by a factor of 6 between 1<z<2,
and has remained constant since z=1, while in intermediate mass galaxies the SFR
density decreases more slowly, perhaps peaking at z∼1.5, and reaching quiescence
at z∼1.
An alternative study of the star formation history of the universe which also
incorporated a variety of datasets (Hopkins & Beacom 2006 and references therein)
is shown in Figure 1.7 and is in relatively good agreement with the overall trend
shown by Tresse et al. (2007) in Figure 1.6, with a rise in star formation density
from high redshifts, turning over at z∼2.5 and decreasing until the present day.
Although there are always selection biases and diﬀerences in SFR indicators
between such studies, the literature nonetheless is in good agreement that over cos-
mic time, star formation does migrate from the highest-to-lowest mass/luminosity
systems, i.e., that downsizing has taken place.
1.6.5 The Quiescent Present Day
A sample of 776 galaxies at z≤0.15 selected from the Akari all-sky survey bright
source catalogue (Ishihara et al. 2010) has been analysed by Takeuchi et al. (2010).
The highest luminosity of any galaxy in the sample is 1012L⊙ (at 90µm), corre-
sponding to a ULIRG. This implies that no Hyper-LIRGs (HLIRGs; LIR>10
13L⊙)
are present in the Universe today, suggesting that star formation activity has shifted
to lower-luminosity galaxies, again a consequence of downsizing.
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Figure 1.7: The Star Formation Rate (SFR) Density as a function of redshift,
taken from Hopkins & Beacom et al. (2006, their Figure 1). The diﬀerent symbols
and colours represent various datasets while the lines represent the best ﬁt to the
data (Hopkins & Beacom 2006 and references therein).
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Indeed, there is a generally low level of star formation in the current epoch,
with a SFR density of just 0.013±0.001 M⊙yr
−1Mpc−3 for a Hα-selected sample of
z≤0.045 sample of galaxies (Gallego et al. 1996). Compared with SFR densities
of 0.088±0.056 M⊙yr
−1Mpc−3 at z=1.1 and 0.265± 0.174 M⊙yr
−1Mpc−3 at z=1.6
(estimated from a Hα-selected sample of 80 galaxies by Shim et al. 2009), this con-
ﬁrms the decline in star formation since higher redshifts.
Star formation is certainly still occurring in today’s galaxy population, however.
A signiﬁcant driver of this modern-day star formation has recently been suggested
to be galaxy-galaxy interactions, in particular, minor mergers, where the ratio of
the masses of the interacting galaxies is / 1:4. Kaviraj (2014) estimate that at least
35% of cosmic star formation in the local Universe is induced by minor mergers, and
suggest that minor mergers may have played an important role in triggering star
formation since at least z=1.
Many studies have focused on examining the dust properties within galaxies
to determine the causes, and eﬀects, of downsizing. A FIR study by Dunne et al.
(2010) suggests that dust in galaxies has remained at a cold 15-25 K since z=0.5,
meaning there has been little temperature evolution in the last 5 billion years. Dust
temperatures in local galaxies detected by both Planck and IRAS have indeed been
found to contain a cold component at T<20K, and in some cases even down to
T∼10 K (Planck Collaboration 2011 (“The Planck view of nearby galaxies”) and
references therein).Whilst it was originally suggested that the higher redshift, higher
luminosity SMGs had even lower dust temperatures than local galaxies (e.g. Yang
et al. 2007, who consider a sample of “Ultra-Luminous” Infrared Galaxies (see
Section 1.6) and SMGs out to z∼1), this conclusion likely arose as a side eﬀect
of a lack of data at far-IR wavelengths: with Herschel now providing photometry
at 250µm, 350µm and 500µm, the apparent discrepancy between the high-and-low
redshift populations has been bridged: Amblard et al. 2010 (see Table 1) show that
the trend of no signiﬁcant recent dust temperature evolution continues out to z∼1.
Therefore, the reduction in cosmic star formation since high redshift cannot be due
to dust becoming warmer, which could hinder protostellar collapse: another factor
must be at play.
Indeed, Dunne et al. ﬁnd that dust masses have changed signiﬁcantly since
z=0.5, decreasing by a factor of 4-5 for the most massive population of galaxies.
For a given gas-to-dust ratio, decreasing dust masses imply decreasing gas masses
in these galaxies since (at least) z=0.5. As Dunne et al. conclude, such a dearth of
gas could explain the decline in global SFR since z∼1.
Infrared studies of galaxies in the local Universe are limited, but have the
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Table 1.1: The evolution of average dust temperature with redshift for 330 H-
ATLAS galaxies, from Amblard et al. (2010, their Table 1). This shows that dust
temperature stays approximately constant out to z∼1.
Redshift Dust Temperature Td (K)
0<z<0.1 27±8
0.1<z<0.5 29±8
0.5<z<1 23±5
z>1 35±4
potential to unveil the global star formation properties of galaxies today, and how
their star formation activity varies with other properties such as environment, stel-
lar mass, and properties in other wavelengths such as optical luminosity and mor-
phology. The most notable large-scale study of the present-day infrared galaxy
population is that of Goto (2005), who investigated 4,248 galaxies using data from
both IRAS and the SDSS. Goto found that more infrared-luminous (i.e. more star-
forming) galaxies are found in less dense environments (where galaxy-galaxy inter-
actions are most likely due to lower relative velocities), in stark contrast with the
Goto et al. (2002a,b) ﬁnding that the most optically-luminous galaxies are found in
the most dense environments, highlighting that the local galaxy population can not
be fully characterised in just the optical waveband. A much more robust and ex-
tensive classiﬁcation of the local infrared galaxy population, including a sample size
2.5 times larger, more detailed optical morphological classiﬁcations, spectroscopic
analysis, additional multi-wavelength data and an examination of AGN activity (see
Section 1.7) is required to properly quantify the z=0 baseline for star-forming galax-
ies. Such a study will be presented later in this thesis, in Chapters 2 and 3.
1.7 Luminous Infrared Galaxies
In the ﬁrst infrared surveys, a population of extraordinarily luminous galaxies stood
out amongst the rest. These galaxies, with an infrared luminosity of > 1011 L⊙,
are the Luminous Infrared Galaxies (LIRGs). Beyond the LIRGs are the Ultra-
LIRGs (ULIRGs) with infrared Luminosities above 1012 L⊙, and the Hyper-LIRGs
(HLIRGs) above 1013 L⊙.
These galaxies’ bolometric emission is strongly dominated by their infrared
components (Sanders & Mirabel 1996). To generate such extreme infrared lumi-
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nosities would require a powerful and luminous central engine (see Section 1.7), or
the galaxy to be undergoing powerful star formation - a starburst - or both. Mur-
phy et al. (2011) ﬁnd that between 0.85<z <1.6, LIRGs and normal star-forming
galaxies contribute approximately equally to the SFR density. However, at z>2, the
contribution from ULIRGs replaces that from LIRGs. This suggests that ULIRGs
also follow the “downsizing” phenomenon, so that the activity of the ULIRG popu-
lation transfers to LIRGs at low redshift. Indeed, Patel et al. (2013) report that the
number density of dusty, luminous IR galaxies evolves rapidly out to z=1.2, when
they were much more common and accounted for ∼68% of the comoving star for-
mation rate density, compared to the present day in which ∼85% of star formation
is occuring in less-luminous, less-obscured galaxies. This strengthens the concept of
the fundamental nature of downsizing across the full mass and luminosity range of
galaxies.
Starbursts are often thought to be triggered by mergers. In their infrared study
of local galaxies, Goto (2005) ﬁnd that the more infrared-luminous galaxies have op-
tical morphologies revealing compact cores (i.e. early-type morphology), consistent
with them being post-merger systems, whilst at the highest infrared luminosities the
galaxies’ optical images show clear evidence of morphological disturbance. Sanders
& Mirabel (1996) note that the IRAS minisurvey (Rowan-Robinson et al. 1984)
indicated that LIRGs may exhibit an unusually high level of interaction; with one in
four galaxies exhibiting signs of disturbance, compared to the merger rate of “nor-
mal” galaxies (∼1.5-4.5% out to z∼0.1, Darg et al. 2010). However, the starbursts
in LIRGs may also arise from the presence of a bar structure providing a fuel input
(Kormendy & Kennicutt 2004, Meier et al. 2010).
At the higher luminosities there is a clearer picture of the starburst trigger in
these galaxies, with almost all known ULIRGs found in merger systems. For IRAS-
selected ULIRGs, Armus et al. (1987) conclude that 70% of their 39 objects display
distorted optical morphology, Clements et al. (1996) ﬁnd that 51/56 of their sample
exhibit features of merger events and/or morphological disturbance, and Murphy et
al. (1996) conclude that 53 of their 56 ULIRGs are currently undergoing, or have
recently undergone, galaxy-galaxy interaction. Overall, merger events are a well-
known trigger of starburst activity (e.g., Schawinski et al. 2010). A model for how
a merger can trigger a starburst is discussed in Taniguchi & Shioya (1998), while
Borne et al. (2000) propose an evolutionary progression where pairs of galaxies
evolve from compact groups and go on to merge and form a ULIRG, which eventu-
ally develops an early-type morphology.
Whilst the highest-luminosity end of the local galaxy population is clearly ma-
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jor merger-driven, a study of 80 massive galaxies at z≈2 suggests that no more than
27% of star formation at these redshifts (and as little as 15%) is caused by major
mergers (Kaviraj et al. 2013). Indeed, Draper & Ballantyne (2012) also ﬁnd that at
z≥1, major mergers were not the main driver of ULIRGs, accounting for less than
∼12% of their luminosity density. This relates directly to downsizing: in the earlier
Universe more gas was available and galaxies did not need to experience a major
disturbance to drive star formation. However, in agreement with other aforemen-
tioned studies in the literature, Draper & Ballantyne ﬁnd that all ULIRGs in the
local Universe are triggered by major mergers, as they do not now have suﬃcient
gas for a starburst to occur secularly.
In various attempts to quantify the eﬀects of downsizing on ULIRGs, it has been
shown that the Luminosity Function (LF) for the most infrared-luminous galaxies
shows signiﬁcant evolution with redshift, e.g., Jacobs et al. (2011) ﬁnd that within
their sample of 40 galaxies selected at 160 µm with Spitzer, ULIRGs exhibit a
strongly evolving comoving space density which gives a LF ∝ (1+z)6±1. This ﬁnding
is in good agreement with Kim & Sanders (1998) who, with a sample of 45 ULIRGs,
ﬁnd their comoving space density at z∼0.15 is twice that at z∼0.05. These ﬁnd-
ings evidence the decline in ULIRG activity since high redshifts due to downsizing.
Rowan-Robinson & Wang (2010) also studied the highest luminosity segment of the
infrared LF, using a much larger sample than previous studies: the Wang & Rowan-
Robinson (2009) Imperial IRAS-FSC Redshift Catalogue (IIFSCz), which contains
over 60,000 infrared galaxies selected at 60 µm from the IRAS all-sky survey Faint
Source Catalogue (Moshir et al. 1990). Consistent with other studies, by deter-
mining photometric redshifts (discussed further in Chapter 4), Rowan-Robinson &
Wang ﬁnd that the space density of the most infrared-luminous galaxies experiences
a rapid negative evolution with time, or rather, that highly luminous galaxies were
more common at higher redshifts. However, the quality of photometric redshifts
for these luminous sources has not been assessed, which is problematic because any
inaccuracies will of course place the galaxy at the wrong redshift, and an incorrect
luminosity, making the LF unreliable on two counts. Since ULIRGs correspond to
the highest luminosity tail of the infrared galaxy population, and since they account
for the most rapid growth phase of galaxies, understanding their evolution via the
LF is crucial. Therefore, as a part of this thesis, we shall examine the accuracy of
the photometric redshifts used in deriving the ULIRG LF, in order to determine
whether the Rowan-Robinson & Wang LF is reliable.
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1.8 Active Galactic Nuclei
As the name suggests, supermassive black holes (SMBHs) are extremely massive
black holes with masses of up to 109M⊙ (e.g., Kormendy & Gebhardt 2001). Some
feed from an “accretion disk”, ﬁrst formulated by von Weizsa¨cker (1948), which is
formed from hot material orbiting close to the black hole, usually consisting of dust
and gas ripped from the interstellar medium (ISM) and from nearby stars. Through
processes such as disk viscosity (Shakura & Sunyaev 1973), outﬂows (Xie & Yuan
2008) and magnetic ﬁeld eﬀects such as jets (Gan et al. 2009), the material loses
angular momentum and falls into the black hole.
Most if not all galaxies are believed to harbour a SMBH in their centre. The
beginnings of this idea originated with Rees (1984), who discussed SMBH evolution
theories, and the question of whether every galaxy harbours a SMBH was explicitly
put forward by Rees (1989). A review of the supporting observational evidence was
put forward by Richstone et al. (1998).
The term Active Galactic Nucleus, or AGN, describes the existence of an ac-
tively accreting SMBH at the centre of a galaxy. The alternative scenario, where
little or no matter in a galaxy is falling into the black hole, is referred to as a passive
or quiescent state. Exactly how SMBHs feed from their accretion disks is of im-
mense interest within the astrophysical community, as it is still poorly understood.
One of the reasons for this is that physical mechanisms within the host galaxy, in-
cluding dust obscuration by an optically and geometrically thick “torus” (Pier &
Krolik 1992a) and within the host galaxy itself, as well as emission from non-nuclear
sources such as circumnuclear star formation and the hot ISM, can severely contam-
inate observations of the accretion disk.
All AGN exhibit unusually high luminosity in one or more wavebands. Accre-
tion disk theory allows us to estimate which part of the electromagnetic spectrum
will exhibit the maximum emission, assuming energy dissipation within a viscous
disk (Shakura & Sunayev 1973). Peterson (1997) demonstrates that for a typical 108
M⊙ SMBH, this maximum emission occurs in the extreme UV and soft X-ray wave-
bands. Since EUV photons are easily absorbed by even a thin hydrogen column, the
ISM in the galactic disk is essentially opaque to this type of radiation. Thus, soft
X-rays, emitted by matter at temperatures of millions of Kelvin at the inner edge
of the disk, are arguably the best choice for studying accretion onto SMBHs.
However, the infrared can be useful for identifying an AGN indirectly: an AGN
is thought to be surrounded by a hot, dusty torus, which is a strong source of in-
frared emission as it is heated by high energy radiation from the central engine,
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which it re-emits in the IR. Because tori emit anisotropically (Pier & Krolik 1992b),
the infrared ﬂux will depend strongly on the viewing angle of the torus, and ap-
parent temperatures can diﬀer by as much as 100 Kelvin when viewing the torus
directly compared with looking along its edge. Nevertheless, infrared observations
of galaxies are commonly used to identify AGN by looking for emission from a dust
torus, with such emission typically peaking at approximately 24 µm, as introduced
in Section 1.2.
1.8.1 QSOs
Of all AGN, the highly-luminous “quasars” (or “QSOs”: quasi-stellar objects) are
seen out to the highest redshifts. They can therefore probe the earliest epoch of
the Universe and by identifying them we can also study their host galaxies and thus
probe high-redshift galaxy properties.
The name “QSO” was coined by Maarten Schmidt because optically they re-
semble stars. However, their spectra reveal huge redshifts, as ﬁrst understood for
the object 3C 273 (Schmidt 1963). The spectrum of 3C 273 was found to contain
broad emission lines at wavelengths which did not seem to correspond to any known
atomic transitions. Schmidt realized they must be the Balmer series, but the emis-
sion lines had been redshifted, which placed 3C 273 at z=0.16. At the time, such
a redshift seemed almost unbelievably large. Soon after, a similar object, 3C 48,
was optically observed (Matthews & Sandage 1963). Greenstein (1963) considered
that his spectrum of 3C 48 may also be signiﬁcantly redshifted and hence concluded
that it was at z=0.3675, one of the highest redshifts known until then. Astronomers
initially struggled to accept that these objects could be so far away from us, but in
the 1980s, theories began to emerge suggesting that quasars were in fact embedded
within galaxies.
1.8.2 Unification Theory
The apparent presence of SMBHs in the centre of all massive galaxies suggests that
all galaxies must go through an AGN phase in order to accrete the large amount
of matter required for the black hole to become supermassive. AGN can display
a wide range of diﬀerent properties, with the full AGN spectrum covering a wide
range of luminosities and features such as jets, as well as the observation that in
some AGN one can see broad emission lines arising from the gas orbiting the central
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Figure 1.8: A demonstration of AGN Uniﬁcation Theory: diﬀerent types of
AGN are seen at diﬀerent viewing angles due to the geometry of the torus and jet
(if present). Image Credit: M. Polletta, ITESRE/CNR, Bologna, Italy; modified
from the original version by Urry & Padovani 1995.
engine, whilst in others, only narrow emission lines are seen. The broad/narrow line
distcintion is thought to be due to varying levels of intrinsic obscuration (Antonucci
1993), caused by the dusty torus surrounding the AGN, which may or may not be
aligned with the overall host galaxy disk. Figure 4.1 depicts the scenario from which
each type arises.
Uniﬁcation Theory (e.g., Urry 2004) asserts that all AGN are fundamentally
the same in terms of their physical structure, and states that diﬀerent AGN classes
arise solely from diﬀerent orientations of the host galaxies with respect to our viewing
angle. This implies that all AGN have gas orbiting close to the SMBH at speeds
suﬃcient to produce Doppler-broadened emission lines - thereby orbiting in what is
termed the “broad-line region” (BLR) - but that in some cases the torus is directly
along our line-of-sight and obscures our view of the central engine and thus the
broad emission lines. There is also gas orbiting at lower velocities further out from
the AGN, which the torus is not large enough to obscure regardless of the viewing
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angle. Therefore, the dichotomy is as follows:
• Type I AGN are observed where the torus is not obscuring the nucleus, and
one can see Dopper-broadened emission lines originating from gas orbiting in
the BLR, as well as the narrow emission lines that originate further away from
the AGN. Since broad-lines are visible these objects are termed Broad-Line
AGN (BLAGN).
• Type II AGN are viewed along the plane of the dusty, donut-shaped torus
surrounding the AGN, which, along with any dust or gas along the line of
sight in the host galaxy, obscures the view of the nucleus, such that one no
longer sees the broad emission lines. In this case, only the narrow emission
lines are visible, since they originate much further out from the AGN. Since
only narrow emission lines are visible, such sources are often referred to as
Narrow-Line AGN (NLAGN).
Other observed properties of an AGN, such as luminosity (which intrinsically de-
pends only on the rate of accretion of matter), also depend on viewing angle. In the
most extreme case, if a jet is present and we are looking directly along it, we will see
a blazar, the most luminous type of quasar. However, more simply, a Type II AGN
will appear fainter than a Type I AGN of the same intrinsic luminosity, because our
view of the luminous accretion disk is obscured, and work must be done on gauging
the level of extinction along the line of sight as induced by not only the torus but
also any gas and dust within the host galaxy.
Even accounting for Uniﬁcation Theory, diﬀerent morphological types of galax-
ies do appear to house fundamentally diﬀerent types of AGN. As Phillipps (2005)
describes, late-types (Spirals) tend to harbour Seyferts, a category of AGN which
have a bright nucleus whilst the host disk galaxy remains clearly visible. Essen-
tially, they are a low-luminosity version of quasars. Conversely, powerful quasars
and radio-loud/quiet AGN tend to reside in early-type (Elliptical) galaxies (e.g.,
Dunlop et al. 2003), with radio-loud AGN emitting strongly in the radio relative
to the optical. The observed radio morphology depends on whether or not jets are
present, and if so, their orientation relative to our line of sight (e.g., Urry & Padovani
1995). Where the jets are roughly perpendicular to our line of sight, enormous radio
lobes are seen to extend outwards from the galaxy on kiloparsec and even mega-
parsec scales.
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1.8.3 AGN in the Local Universe
At the lowest redshifts, corresponding to the present day Universe, very few quasars
are observed compared to high redshifts (Schmidt 1968). These powerful objects
are thought to constitute an intense period of black hole growth (i.e. high eﬃciency
accretion) which occurs early in the life of the host galaxy, and “switches oﬀ” when
it exhausts its supply of gas (e.g., Sanders et al. 1988, Vestergaard 2004 and refer-
ences therein).
According to infrared studies of 292 Type I quasars detected at 24 µm by Spitzer,
the space density of quasars peaked at z∼2.6 and it has declined rapidly since then
(Brown et al. 2006). Near infrared and optical spectra have indicated that in the
present Universe, AGN activity takes place in less massive galaxies compared to
the early Universe, e.g., for a given accretion rate onto the SMBH, the host galaxy
mass at low redshift averages 4x1010M⊙ compared to 3x10
11M⊙ at z∼2.3 (Kreik et
al. 2007). This mirrors the shift of star formation activity from high to low mass
galaxies as the Universe has aged.
Based on a study of low-redshift AGN with the optical Sloan Digital Sky Survey
(SDSS; York et al. 2000) and the X-ray space telescope Chandra (Weisskopf et al.
2002), Constantin et al. (2009) ﬁnd an evolutionary sequence of AGN shutdown;
i.e. that galaxies progress from Seyfert/Transition (where Transition objects are
undergoing a switch in the SMBH accretion mode when the Eddington Ratio1 falls
below a critical level) to a Low-Ionisation Nuclear Emission Region (LINER) and
ﬁnally to be passively evolving. This is the expected evolution of an AGN as it runs
out of gas to accrete.
Once selection eﬀects are accounted for, the observed lack of luminous local
AGN is - much like the decline in star formation since high redshift - explained by
downsizing, whereby the main epoch of AGN activity (and thus SMBH growth) took
place earlier on in the lifetime of the Universe (e.g., Babic´ et al. 2007). This has the
interesting consequence of implying that star formation and black hole accretion are
linked, which we will now go on to discuss in greater detail.
1The Eddington Ratio is deﬁned as the ratio of the outward force from radiation to the inward
force from gravity, as experienced by infalling matter: exceeding an Eddington Ratio of unity will
therefore prevent further material being accreted onto the black hole.
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1.8.4 Star Formation in AGN hosts
IR studies can provide a useful insight into the evolution of quasars and their host
galaxies. It is commonly accepted that there is a positive correlation between AGN
activity and star formation. For example, in the Goto (2005) study of the local
infrared galaxy population, the AGN fraction is found to increase as the infrared
luminosity (a proxy for star formation rate) increases. Physically, this is logical:
both processes feed from the galaxy’s gas reservoir.
This AGN - star formation connection is thought to result in the empirical
M-σ relation (Magorrian et al. 1998, Ferrarese et al. 2006, Gu¨ltekin et al. 2009,
Graham et al. 2012), a relation between the mass of the SMBH (built up through
AGN activity) and the host galaxy bulge mass (built up through star formation), as
shown in Figure 1.9. The M-σ relation itself is not evidence that SFR and accretion
rate are correlated but it is suggestive of such a correlation, since this would be the
simplest way to achieve the ﬁxed bulge-mass-to-SMBH-mass ratio seen in massive
galaxies. Indeed, much support exists for such a correlation. Salim et al. (2007)
found that low-luminosity AGN, selected from a sample of 50,000 galaxies at z∼0.1,
have lower SFRs compared with galaxies hosting more luminous AGN at a ﬁxed
stellar mass. The SFR - accretion rate relation has been conﬁrmed and quantiﬁed
by Chen et al. (2013), who measure both properties for 1,767 galaxies at 0.25<z<0.8,
deriving SFR from FIR photometry and accretion rate from X-ray stacking analysis,
and ﬁnd that:
log (accretion rate) = (−3.72±0.52) + (1.05±0.33) log (star formation rate).
(1.3)
However, as a general rule, out to z∼2 there appears to be a roughly ﬁxed ratio of
accretion rate to SFR of approximately 1:1000 (Heckman et al. 2004, Daddi et al.
2007, Mullaney et al. 2012), although we note that the most luminous AGN have
not been included in these studies. Therefore, we shall go on to discuss star for-
mation in AGN hosts in more detail, while bearing in mind that, on average, AGN
hosts will experience elevated SFRs relative to galaxies hosting quiescent SMBHs
(although we shall later discuss possible exceptions to this rule).
As previously discussed, the early Universe was very active in terms of star
formation. The host galaxies of a 24µm-selected sample of AGN (with this selec-
tion identifying AGN by picking out sources with emission from a warm dust torus)
reveal constant SFR density between z=2.35 and z=1.15 (Murphy et al. 2011),
in contrast with the decline in that of normal galaxies found by, e.g., Tresse et al
(2007), due to downsizing. This is not too surprising if one considers the correla-
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Figure 1.9: The M-σ relation, taken from Figure 1 in Gu¨ltekin et al. (2009),
showing a clear positive correlation the mass of the central supermassive black
hole and the host galaxy stellar velocity dispersion (which probes the bulge mass).
1.8 Active Galactic Nuclei 50
tion between SFR and AGN luminosity, as this implies that by selecting an AGN
sample, one will be biased towards more strongly star-forming galaxies. Lutz et al.
(2007, 2008) ﬁnd that for 13 QSOs at z∼2, the dominant driver of the far infrared
luminosity is star formation and not the QSO. Studies of two high redshift (z>4.7)
quasars using Herschel suggest that they exhibit more emission in the far-IR than
standard low-redshift quasars, indicating that there is more cold dust in the high-
redshift quasars (Leipski et al. 2010). Since more dust correlates with more star
formation, this ﬁnding indicates that quasar-hosting galaxies also experience the
reduction in SFR over cosmic time seen in the normal galaxy population, somewhat
in contrast with the Murphy et al. (2011) result, unless perhaps downsizing occurs
much more slowly, or less smoothly, in galaxies with and without an AGN. Also,
given the accretion rate - SFR correlation, the Lutz et al. implication of a decrease
in the SFR in QSO host galaxies over cosmic time leads to the question of whether
the average QSO accretion luminosity has also decreased since high redshift. As
shown in Figure 1.10, it has: the QSO LF from 0<z<5.85 shows that as one goes to
higher redshifts, one ﬁnds that it is the more luminous quasars that have the highest
space density. In other words, at z=0, quasars are, on average, much less luminous
than they were at high redshifts. However, whether downsizing occurs in tandem for
both the QSO and star formation activity will determine whether the correlation in
Equation (1.3) is preserved with time, or whether the correlation itself has evolved.
This is currently not understood.
The scenario, then, is unclear: AGN and star formation activity are correlated
since at least z=0.8 (Chen et al. 2013), and both undergo downsizing, but whether
the activity of each decreases proportionally is unknown. If they decrease or down-
size in lock-step, one should expect to see the same accretion rate - to - SFR ratio
at high redshifts as one sees at low redshifts. As mentioned previously, a ratio of
1:1000 has been veriﬁed for low-to-medium luminosity AGN out to z∼2, but at
higher redshifts, and for higher luminosity AGN such as QSOs, this ratio has not
been studied. Therefore, to clarify the interplay between AGN activity and SFR
over cosmic time, additional studies are clearly required, and must cover a larger
range of redshifts. The value of the accretion rate - SFR correlation in high redshift
QSOs will be examined later in this thesis, in Chapter 5.
There is a strong association between ULIRGs and accretion onto the central
supermassive black hole. This should not be surprising as mergers - the suspected
trigger of ULIRGs - are also known for “switching on” galaxies’ central engines (e.g.
Sanders et al. 1988a), perhaps thanks to the boosted fuel supply. During an inter-
action/merger event, participating galaxies experience a copious inﬂux of gaseous
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Figure 1.10: The 0<z<5.85 QSO Luminosity Function from Figure 11 of Assaf
et al (2010).
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fuel from turbulence and/or stripping material from the other galaxy; this gas loses
angular momentum through dynamical friction and falls into the gravitational po-
tential well of the SMBH. Sanders et al. (1988a, 1988b) propose that ULIRGs are
actually powerful AGN enshrouded in dust, and Veilleux et al. (2009) ﬁnd that the
contribution of an active nucleus to a ULIRG’s luminosity is ∼35-40%, based on
a sample of 74 ULIRGs observed with Spitzer at z≤0.3. One of the most visually
obvious examples of a merger triggering AGN activity is that of a spatially-resolved
binary quasar system, SDSS J1254+0846, where the two host galaxies are clearly in
the process of merging (Green et al. 2010). However, it is worth noting that AGN
activation may not be immediate: Schawinski et al. (2010) suggest that there are
several intermediate steps between merger events and the AGN activation, encom-
passing a time lag of up to ∼500Myr. Nonetheless, ULIRGs are clearly an invaluable
resource in understanding galaxy evolution, as they incorporate the two most signif-
icant methods of galaxy evolution; active nuclei and star formation, and therefore
provide a unique opportunity to quantify the interaction between these processes.
One of the most important questions that astronomers are now pursuing is
whether radiation from a rapidly accreting AGN can choke oﬀ the fuel supply for
star formation (and hence to itself). This could be a physical driver for the M-σ
relation: if the AGN is to provide “feedback” to its host galaxy and physically aﬀect
the star formation by heating/expelling gas (which will also remove its ability to
accrete further), it is clear that the mass of the black hole and the stellar mass of the
galaxy will be related, as their respective growths will be simultaneously terminated.
If this scenario - termed “quenching” (e.g. Bundy et al. 2008) - can and does occur,
how powerful must the central engine be for its ionized outﬂows or shocks from
jets to destroy the starburst by expelling gas from the galaxy, and what restrictions
does this put on the lifetime of a galaxy’s starbursting (ULIRG) phase? One such
implication of quenching could be the observation that all ULIRGs house AGNs; we
should not see any ULIRGs that have a quiescent nucleus, and the ULIRG phase
would be terminated by the AGN. This is diﬃcult to determine photometrically:
the dust-rich nature of ULIRGs means that the AGN will be highly obscured in
the optical and UV wavebands and would be diﬃcult to identify. One alternative
method would be spectroscopy, as the relative strengths of various emission lines
are able to reveal information about the source of the ionizing radiation within the
galaxy, hence determining whether an AGN is present (this is further discussed in
Chapter 4). Additionally, one could use X-ray data to quantify the AGN luminos-
ity, an approach that has been followed by Trichas et al. (2010) and Page et al.
(2012), who both ﬁnd suppressed star formation in the most luminous AGN, sug-
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gesting that quenching is indeed a real phenomenon. Furthermore, Brotherton et
al. (1999) and Canalizo et al. (2000) together revealed an interacting galaxy pair in
which a quasar has been triggered in one of the galaxies. This galaxy has a highly
luminous post-instantaneous-starburst stellar population. This not only supports
the theory of mergers as AGN triggers, but is perhaps also an example of starburst
“quenching”. A reduction in SFR at the highest accretion rates could imply that
the aforementioned accretion rate - to - SFR ratio of 1:1000 in lower luminosity
AGN may not in fact apply for higher luminosity AGN. However, the existence of
such a phenomenon is still controversial, with studies such as Harrison et al. (2012)
ﬁnding no evidence for any decline in star formation in AGN with luminosities that
Page et al. suggested were responsible for quenching. Clearly, more work is needed
on determining whether there is a decline in star formation at the highest AGN
luminosities, or rather, determining whether the accretion rate - to - SFR ratio is
indeed diﬀerent for high luminosity AGN, which would potentially have signiﬁcant
implications for understanding the origins of the M-σ relation. In Chapter 5 of this
thesis, this question will be addressed using a sample of high-redshift QSOs.
1.8.5 This Thesis
The general aim of this thesis is to use infrared data, as well as photometry in var-
ious other wavelengths, to track the balance of star formation and AGN activity
within galaxies at various cosmic epochs from high redshift until the present day.
The thesis is broken into four sections. Firstly, in Chapter 2, we present a new
infrared catalogue which extensively details the multi-wavelength characteristics of
the local infrared galaxy population. The unique strength of this new catalogue is
that it contains optical morphological information for an unprecedented number of
infrared-selected galaxies, as well as spectroscopic data, environmental information,
multiple physical properties such as stellar mass and dust content, and AGN identi-
ﬁcation, allowing us to probe the eﬀect of morphology on the relationship between
star formation and AGN activity.
Secondly, we provide a case study into a subsample from this catalogue to ex-
plore a speciﬁc morphological class: Barred Spirals, which are revealed in Chapter
3 to have signiﬁcant diﬀerences compared to their non-barred counterparts. With
the broad range of physical properties measured for these galaxies, we are able to
examine how various galaxy properties vary depending on whether the galaxy is or
is not barred, such as their stellar mass, whether they host an AGN, their (speciﬁc)
1.8 Active Galactic Nuclei 54
star formation rates, their environment, and so on. The astrophysical community
is currently divided on certain such relationships, but with a sample of this size we
are able to make statistically signiﬁcant observations of the eﬀect that a bar has on
a Spiral galaxy.
Thirdly, we study a sample of galaxies which have been identiﬁed from IRAS
data as ULIRGs and HLIRGs. These sources lie within the high-luminosity, high-
redshift (photometric redshifts out to z=0.65) tail of the population presented within
our new infrared catalogue. We ﬁrstly test whether photometric redshift estimates
provide accurate results for these sources. We go on to derive far-infrared luminosi-
ties, star formation rates and the AGN fraction for this sample. These are sources
which largely have no publicly available spectroscopy, meaning that we are able to
contribute new results to the community on the relationship between extreme star-
bursts and AGN activity.
Finally, we extend our studies to much higher redshifts, investigating a sample
of 35 infrared- and optically-selected QSOs at 1<z<4. Through the analysis of in-
frared and far-infrared photometry, optical spectra and photometry, UV photometry
and X-ray photometry, we are able to derive a range of physical properties for these
sources, including SMBH masses, accretion rates, and star formation rates. Unlike
the local infrared galaxy catalogue, this work is not a population study. Instead,
we will explore the interplay of the galaxy with its AGN in a small, heterogeneous
sample using a much more extensive range of data than is usually incorporated,
thereby highlighting particular areas of interest to be re-examined in larger, future
QSO surveys. In this new sample of previously unstudied QSOs, we also search for
any sign of the controversial theory of “quenching” within the galaxies hosting these
powerful AGN, in particular investigating the accretion rate - to - SFR ratio and
whether it is equivalent to that found in lower-redshift, lower-luminosity AGN.
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Chapter 2
A New Morphological Catalogue
of Local Infrared Galaxies
As discussed in Chapter 1, a global census of local starforming galaxies is currently
lacking. There are extensive optical studies of the local Universe, in particular from
the SDSS and Galaxy Zoo (Lintott et al. 2008), which uses citizen science to classify
the optical morphologies of hundreds of thousands of SDSS and Hubble images of
galaxies. However, the optical waveband is known to be a poor choice for a large-
scale survey of starforming galaxies because, by their nature, they will be obscured.
One of the main low-z infrared population studies in the literature is that of
Goto (2005), who catalogued the optical properties of 4,248 IRAS-selected galaxies.
This study was a useful sanity check that strengthened the commonly-accepted the-
ory that starforming galaxies are preferentially found in lower-density environments
(due to higher interaction rates), as well as the accepted trend that infrared lumi-
nosity (i.e. SFR) increases with increasing AGN fraction.
However, there were plenty of avenues left unexplored by the Goto study: only
basic optical morphological classiﬁcations were performed (and then mainly to check
for signs of interaction). However, star formation activity is suspected to vary
strongly between diﬀerent morphological types. For example, gas-rich Spirals are
thought to be signiﬁcantly more starforming than gas-poor Ellipticals - although
our current understanding of star formation activity in diﬀerent optical morpholo-
gies is entirely dependent on optically-selected samples, i.e. samples that may be
biased against obscured, starforming galaxies. Additionally, AGN fraction (and
type) is thought to vary considerably between diﬀerent optical morphological types
- for example, as introduced in Chapter 1, Spiral galaxies more commonly house
lower-luminosity AGN and Seyferts, whilst QSOs are more likely to be found in
Elliptical-type galaxies, and possibly mergers (which are known to trigger AGN).
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Further information, such as detailed SED ﬁts for this population to reveal their star
formation history, stellar mass, dust mass, and dust temperature, are also lacking.
In this Chapter, we will signiﬁcantly extend the Goto (2005) study with a sam-
ple almost triple the size, and therefore better statistics, as well as with additional
multiwavelength data, in order to more extensively catalogue the aforementioned
properties of local infrared galaxies. This catalogue will characterise the z=0 base-
line for starforming galaxies, providing a springboard for many future studies, in
particular allowing detailed comparisons with higher-redshift starforming galaxies
to ﬁne-tune numerical models of galaxy evolution and downsizing. We note that
this Chapter will only skim the surface of the possible research avenues that this
catalogue has introduced, and we shall try to provide a broad ﬁrst look at some
of the key features. Throughout the Chapter, and in the Conclusions, we detail
methods and suggestions for extensions and improvements to our studies.
2.1 The IIFSCz
The IIFSCz catalogue is ﬁrst introduced in Wang & Rowan-Robinson (2009), and
it is the base dataset from which we shall conduct our population study, since it
catalogues the infrared properties of a representative portion of the local infrared
galaxy population. The IIFSCz contains over 60,000 faint galaxies detected by IRAS
and drawn from the IRAS Faint Source Catalogue (FSC; Moshir et al. 1992). For
the IIFSCz, Wang & Rowan-Robinson select galaxies based on their 60µm ﬂuxes,
with a minimum signal-to-noise ratio of 5σ (with the noise calculated locally for
each source), as well as a requirement that the quality of the ﬂux (FQUAL) is ≥ 3.
Applying this cut to the IRAS FSC yields 63,842 galaxies. Then, if FQUAL ≥ 2 at
100 µm, Wang & Rowan-Robinson also require that the ﬂux ratio log(S100µm/S60µm)
< 0.8, so as to remove cirrus, which leaves 63,117 galaxies. In an attempt to exclude
stars, where FQUAL ≥ 2 at 25 µm there is a requirement of log(S60µm/S25µm) >
-0.3, and if FQUAL ≥ 2 at 12 µm, they require log(S60µm/S12µm) > 0. However,
follow-up examination of sources excluded by the ﬁnal set of criteria revealed 11
galaxies, which were re-instated into the sample. Finally, Wang & Rowan-Robinson
concluded a sample of 60,381 galaxies.
In the IIFSCz, each galaxy is listed with both optical (ugriz ) and IR data,
along with predictions for far IR ﬂuxes (up to 1380µm), obtained through ﬁtting
the Rowan-Robinson et al. (2008) library of AGN and galaxy templates to the
galaxy SEDs from the optical to the far-infrared. This library includes nine optical
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templates; three QSO templates, one Elliptical (quiescent) galaxy template, four
Spiral (starforming) galaxy templates, and one starburst template, as well as four
infrared templates to ﬁt the mid-to-far IR (from 12 to 100 µm): Arp220 (a known
current merger), M82 (a known starburst galaxy), an AGN dust torus template, and
a cirrus template (cold infrared clouds often found in galaxies with little or no star
formation). The routine ﬁrstly ﬁts the optical part of the SED, and then the in-
frared part. Spectroscopic redshifts are available for ∼55% of the galaxies, through
cross-matching with various other large sky surveys, and photometric redshifts exist
for an additional ∼20% of the galaxies.
The resulting IIFSCz catalogue was then cross-matched with the Sloan Digital
Sky Survey Data Release 6 (SDSS DR6; York et al. 2000) by Wang et al. (2009).
The SDSS is a large, ground-based optical survey which has u, g, r, i and z -band
photometry including photometric redshifts) for objects in a 9,583 deg2 ﬁeld, with
spectroscopy (and thus also spectroscopic redshifts) obtained for a 7,425 deg2 ﬁeld.
The magnitude limit for the spectroscopic survey is Petrosian Radius <17.77 mag-
nitudes.
The IIFSCz/SDSS crossmatch was performed via the likelihood ratio technique
(e.g. as done by Brusa et al. 2007), where the highest likelihood is selected in the case
of multiple matches. There is an estimated reliability of ∼97% for spectroscopically-
detected objects and ∼80% for objects with photometry alone. The IIFSCz contains
11,965 objects with both SDSS spectra and photometry, extending out to z∼0.6.
2.2 Galaxy Morphology
2.2.1 Classes
One of the most powerful ways of dividing a sample of galaxies into subtypes which
share common features is to class them by their morphology: their apparent shape
or stucture as seen in an optical image.
Such a method of classiﬁcation was devised in 1926 by Edwin Hubble, who cre-
ated the “tuning fork” diagram (Figure 2.1). This diagram focused on two speciﬁc
classes of morphology: Ellipticals and Spirals. Both types feature a central bulge,
in which the supermassive black hole is housed. Ellipticals are spheroidal, bulge-
dominated galaxies which have subtypes depending on their ellipticity; increasing
from E0 (perfectly spherical) to E7 (highly elliptical). All ellipticals are seen to have
a bright core with a diﬀuse exterior. Spirals, meanwhile, are split into two branches:
the S-types, which - like the Ellipticals - have a central bulge, but their outer re-
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Figure 2.1: A modern edition of Edwin Hubble’s tuning fork diagram.
gions are comprised of Spiral arms. Subtype Sa comprises tightly wound arms, while
Sb galaxies have slightly looser arms, and Sc galaxies have the least tightly wound
arms. Additionally, bulge size diminishes from Sa to Sc: some Sc galaxies can have
no bulge at all. The second Spiral galaxy branch contains the Barred Spirals, or the
SB-types, which are again split into SBa, SBb and SBc, according to how tightly
wound their spiral arms are. The bar that crosses the bright central bulge of these
Spiral galaxies is an amalgamation of stars, gas, and dust, and will be discussed in
more detail later in this section.
Despite the common misconception, the tuning fork was never thought to rep-
resent a galaxy evolutionary sequence where galaxies begin as Ellipticals and evolve
to develop spiral arms. Instead, it is observed that Ellipticals have much older stel-
lar populations than Spirals. Unlike Spirals, which have ongoing star formation in
their spiral arms, Ellipticals are largely quiescent in today’s Universe. Additionally,
there is no known mechanism for the random motion of stars in the diﬀuse outer
regions of an Elliptical galaxy to form the ﬂat disk and spiral arm features that
are seen in Spirals. Moreover, an individual galaxy is not believed to be able to
change its morphology from Elliptical to Spiral - or vice versa - without an external
inﬂuence. The current consensus (as ﬁrst speculated by Toomre & Toomre 1972,
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and formally proposed by Toomre 1977) is that galaxy evolution in fact proceeds
in the opposite fashion to that suggested by Hubble, whereby primordial galaxies
had a Spiral structure, and Ellipticals are formed through the merger of a Spiral
galaxy pair. Various studies have supported this theory, through a variety of dif-
ferent ﬁndings: for example, Chang et al. (2013) ﬁnd that disk galaxies (Spirals)
were more prevalent at z>1, consistent with the idea that they merge into Elliptical
galaxies and thus have decreased in number over time. Additionally, an elliptical
galaxy has recently been observed “in the making” at z=2.3: two SMGs with strong
starbursts (likely Spiral galaxies) have been imaged by Herschel in the process of
merging. Crucially, the two progenitor SMGs are suﬃciently massive to explain the
formation of the most massive Ellipticals seen in the Universe.
One additional morphological class that has been established since Hubble’s
tuning fork is that of the Irregular galaxy, which by deﬁntion is a galaxy that has
no regular shape (such as an ellipse) or particular features (such as spiral arms).
Two nearby examples are the Large and Small Magellanic Clouds. Often, Irregular
galaxies do not even have a bulge. Irregular galaxies are thought to be the remnants
of once-regular galaxies that were severely distorted by the gravitational inﬂuence
of another galaxy or galaxies.
2.2.2 Morphological Classification in the M-IIFSCz
There are two possible methods of classifying galaxy morphology: visual inspec-
tion, and computer algorithms. Algorithmic methods are discussed in more detail
in Chapter 4.
Automated algorithms are constantly improving but still cannot replicate the
human eye in their ability to distinguish more complicated or unusual features of
galaxies, for example, speciﬁc features of spiral arms, tidal tails, mergers, or irregular
morphology. Additionally, the algorithms need to be “trained” using large samples
of galaxies with known morphologies; i.e., they require manual classiﬁcation to have
already been performed. As discussed in Lintott et al. (2011), these algorithms
also often use the colour of a galaxy as part of the classiﬁcation process, based on
the idea that early types are redder and late types are bluer, but this falls down in
certain cases - there are known examples of blue Ellipticals and red Spirals.
Manual inspection by expert astronomers has been applied in certain cases (the
most notable example being that of Nair & Abraham 2010, who morphologically
classiﬁed 14,034 galaxies), but more recently, Galazy Zoo (Lintott et al. 2008),
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which uses classiﬁcations made by over 100,000 members of the public, has been
able to provide classiﬁcations of over one million galaxies from the SDSS, which
have found to be essentially indistinguishable in quality compared with those of ex-
pert astronomers.
However, to date, the optical morphologies of the local infrared galaxy popula-
tion have not been studied, and at the time of this study, the Galaxy Zoo classiﬁ-
cations for the IIFSCz galaxies were not publicly available.
The entire M-IIFSCz was classiﬁed by eye for this thesis. We note in advance
that for quality assurance, one hundred random galaxies from the sample were in-
spected by Sugata Kaviraj (University of Hertfordshire), who conﬁrmed the assigned
classiﬁcations.
We allowed 5 types of morphological classiﬁcation: Spiral (S), Barred Spiral
(SB), Elliptical (E), Irregular (I), and Merger (M). We allowed two further sub-
types: ﬁrstly, Partial (P), to designate that the source in question was not in fact
the nucleus of a galaxy, but a region elsewhere in a nearby galaxy (usually a star-
forming region in a very low-redshift Spiral). Secondly, Unclassiﬁed (U), to designate
a star.
235 sources were classed “P” and were removed due to the coordinates (and
therefore the SDSS spectrum) not being centred on the galactic nucleus, meaning
that emission line diagnostics would fail to detect any AGN activity (see Section
2.3), and could also mean some of the galaxy may lie outside the IRAS beam. Of
these 235 sources, all are at z<0.1 (with 220/235 at z<0.05), except for one galaxy
with z=3.76366. However, through investigations with the new SDSS DR8 dataset,
this redshift has been shown to be erroneous; this source appears to be a strongly
starforming region of a galaxy at just z=0.005. Six class “U” sources were also
removed after being identiﬁed as either possible or deﬁnite stars, or galaxies with a
star along the line of sight.
For the ﬁve main morphological classes, we included a conﬁdence ﬂag of either
1 or 0, to designate the certainty of the classiﬁcation. “Sure” classiﬁcations are
ﬂagged as “1”, whilst “Unsure” classiﬁcations are ﬂagged as “0”. The approach
taken was very conservative such that just over half of all galaxies (5887/11965)
were morphologically classiﬁed with an Unsure ﬂag (0).
Table 2.1 shows the resulting number of galaxies classiﬁed into each morpho-
logical type, split by their conﬁdence ﬂag.
We also provide a column for comments on each galaxy, which can include any-
thing unusual or interesting about the galaxy in question. Typically the comments
are used to note colour information (for example, red Spirals or blue Ellipticals), dis-
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Morphological Type Sure Unsure
Spiral (S) 2947 3573
Barred Spiral (SB) 485 97
Elliptical (E) 637 1148
Irregular (I) 568 498
Merger (M) 1215 528
Table 2.1: A breakdown of the number of galaxies in the M-IIFSCz classiﬁed
as being of each of the ﬁve main morphological types (Spiral, Barred Spiral,
Elliptical, Irregular and Merger), split by conﬁdence ﬂag (i.e. Sure and Unsure
classiﬁcations).
turbances to Spiral structure, the morphologies of the galaxies involved in a Merger,
the presence of a nearby and potentially interacting companion, or the presence of
an abormally bright nucleus (which in some cases is followed up by a comment of
“BLAGN”, indicating that AGN activity was suspected from the optical image and
the spectrum was then inspected and veriﬁed this suspicion).
Henceforth, in studying the relationship between galaxy morphology and other
galaxy properties, we only use the “Sure” classiﬁcations, leaving us with a sample
size of 6,078 galaxies with reliable optical morphologies.
2.2.3 Characterising the M-IIFSCz
The M-IIFSCz catalogue enables a galaxy’s optical morphology to be related to its
physical characteristics, and to test variations with properties such as:
(i) Stellar masses, which can be calculated by ﬁtting a library of stellar population
synthesis models to a galaxy SED (e.g., Blanton & Roweis 2007).
(ii) (Speciﬁc) Star formation rates calculated in the following three ways: Hα
luminosity, far IR luminosity, and SED-derived values, as well as a comparison
of these three star formation rate estimators,
(iii) AGN classiﬁcation (where an AGN is present), through optical emission line
diagnostics, and/or through identiﬁcation of broad emission lines in the spec-
trum, and its correlation with other galaxy properties.
The M-IIFSCz catalogue is used in this thesis to characterise the low-redshift
IR galaxy population for the ﬁrst time, in terms of a range of physical and observed
quantities, including their colours, AGN properties, star formation rates, dust tem-
peratures, stellar masses, morphologies and environments, and inter-relations be-
tween all these properties.
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The remainder of this Chapter describes the work done for this thesis in con-
structing the M-IIFSCz and studying the physical properties of the galaxies within
the catalogue.
2.3 Colour-Magnitude Diagram
An important avenue that can be explored is the distribution of IIFSCz galaxies on
the colour-magnitude diagram (e.g., u-r vs. r absolute magnitude), speciﬁcally the
blue cloud - green valley - red sequence regime which broadly describes the colour
range of a galaxy population (e.g. Chen et al. 2010, Pierce et al. 2010, Xue et
al. 2011). Bluer galaxies are associated with current/recent star formation (since
younger stars are hotter and thus bluer), whilst redder galaxies are associated with
older stellar populations, e.g. “red and dead” ellipticals (since older stars are cooler
and thus redder). A CMD is therefore a useful diagnostic of the star formation
properties and stellar population within a sample of galaxies.
In one such study, Salim et al. (2007) conﬁrmed that for their sample of ∼50,000
optically-selected galaxies at z≈0.1, 95% of the star formation occurs in galaxies that
lie within the blue cloud, as expected. At higher infrared luminosities, Chen et al.
(2010) study 54 IRAS -selected ULIRGs at 0.018<z<0.265 and conclude that 87%
have relatively blue colours, although this does include AGN from which there will
be predominantly high-energy, blue emission. However, Salim et al. found that local
AGN tend to lie on the red sequence in the optical (likely due to heavy dust obscu-
ration in the torus or surrounding star-forming regions scattering light at the bluer
wavelengths), and they propose that galaxies evolve from the blue cloud (where the
AGN is stronger) to the red sequence (where the AGN is weaker), consistent with a
scenario where the AGN suppresses the star formation within the galaxy.
The green valley lies between the red and blue populations as seen on a colour-
magnitude diagram, and is typically thought to consist of a transient population mi-
grating from blue to red after star formation turn-oﬀ (e.g., Gonc¸alves et al. 2012).
There are 11,965 M-IIFSCz galaxies spectroscopically detected by the SDSS
DR6. We have used the SDSSObjID (unique numerical identiﬁer) of each galaxy to
extract relevant data using the online SDSS database CasJobs, in which it is possi-
ble to perform an SQL query to pull out the desired data from one of the available
DR7 datasets. For this project, we selected the optical magnitudes which have been
corrected for reddening eﬀects within our own galaxy (dered u, dered g, dered r,
dered i, dered z) as well as the corresponding errors, from the DR7 PhotoObjAll
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Figure 2.2: The colour-magnitude distribution (CMD) in (NUV-r) vs Mr for the
M-IIFSCz/SDSS DR7/GALEX GR5 sample of 8,388 galaxies. Note that these
magnitudes have been corrected for reddening eﬀects in our own galaxy, but not
yet for reddening in the host galaxy. For clarity, the errors are not displayed,
but for the UV magnitudes they are <0.5mag, while the optical magnitudes have
<0.01mag errors. The empirical red sequence and blue cloud locations, designated
by the red and blue lines, are based on a sample of 50,000 SDSS/GALEX galaxies
(Salim et al. 2007).
table in CasJobs. It is rare to be able to study the “true” colour-magnitude distri-
bution of a galaxy population, i.e. with colours corrected for extinction within the
host galaxy. This requires the optical magnitudes to be corrected for dust reddening
eﬀects in the host galaxy, which requires optical spectra. Since we have optical spec-
tra for the full sample, we are able to do this. The true colours may be signiﬁcantly
diﬀerent from the observed colours, since there is likely to be dust reddening in all
these galaxies. This would be an extremely valuable probe of the underlying stellar
populations of these objects.
All optical magnitudes have been processed using k-correct (Blanton &
Roweis 2007) which takes the apparent magnitudes and the spectroscopic redshift
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for each galaxy, and gives both the absolute magnitude in each band and the associ-
ated k-correction (i.e. the correction between observed and rest-frame magnitudes).
Interstellar reddening eﬀects within the host galaxy have not yet been accounted
for; these corrections will be determined from the Hα/Hβ line ratio, or “Balmer
decrement” (see Section 2.3).
In order to get an accurate picture of the colour-magnitude relation for the
M-IIFSCz/SDSS catalogue, it is necessary to incorporate UV data into the cata-
logue. UV data traces the bluer emission, originating from hot young stars, and
eﬀectively stretches out the CMD. The GALEX (Galaxy Evolution Explorer) space
telescope (Martin et al. 2005) includes both NUV and FUV data and therefore the
M-IIFSCz/SDSS catalogue has been cross-matched with the GALEX GR5 (Sugata
Kaviraj, private communication). We ﬁnd that 8,388 of the 11,965 galaxies have
both NUV and FUV detections. The UV magnitudes have been k-corrected, and
reddening eﬀects within our galaxy have also been corrected by subtracting the B-V
colour excess, E(B-V), multiplied by a particular coeﬃcient (8.9 for NUV and 8.1
for FUV, based on the Calzetti et al. (2000) extinction curve), from the apparent
NUV and FUV magnitudes.
The M-IIFSCz sample is distributed evenly across the blue cloud, green valley
and red sequence, as seen in the colour-magnitude distribution (CMD) of (NUV-r)
vs Mr (Figure 2.2), where Mr is the absolute r-band magnitude. There is little
literature on UV studies of IRAS galaxies to compare this work with; a reasonable
comparison comes from the Takeuchi et al. (2010) study of 607 galaxies at z≥0.15,
which are selected from the AKARI (Murakami et al. 2007) Bright Source Cata-
logue (described in Yamamura et al. 2009), and for which IRAS, SDSS, 2MASS and
GALEX data have been obtained. We show the CMD from Takeuchi et al. in Figure
2.3. The lines overplotted on both our CMD in Figure 2.2, and the Takeuchi et al.
CMD, represent empirical red sequence and blue cloud locations based on a sample
of 50,000 SDSS/GALEX galaxies (Salim et al. 2007), i.e. optical and UV-selected
data only.
The CMD of our sample is centred at approximately the same location as the
Takeuchi et al. sample, i.e. at (NUV-r) ∼ 3.5, Mr ∼ -21. Overall, despite the
overlap with both the red sequence and the blue cloud, our sample is centered in
the green valley before dereddening. Takeuchi et al. (2010) found that their CMD
for local IR galaxies is also centred in the green valley and also does not follow
the usual bi-modal colour-magnitude distribution of the normal galaxy population.
They conclude that in the far-UV, a higher SFR corresponds to increased obscura-
tion as there is more dust to obscure photons. Therefore, it is of interest to examine
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Figure 2.3: The colour-magnitude distribution (CMD) for the Takeuchi et al.
sample of 607 galaxies at z≥0.15 (their Figure 9). The empirical red sequence and
blue cloud locations, designated by the red and blue lines, are based on a sample
of 50,000 SDSS/GALEX galaxies (Salim et al. 2007).
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the dust extinction in our galaxies, which will have reddened the ﬂuxes by some
amount, to see where these galaxies would lie on the CMD if unobscured.
2.3.1 Dereddening
To fully deredden the ﬂuxes, one must have a measure of the extinction within the
host galaxy. This can be measured through the Balmer Decrement, which we shall
describe here. Hydrogen is the simplest and most common element in the Universe,
and is the main ingredient of the molecular clouds that are abundant in star-forming
galaxies. Studies of emission from Hydrogen atoms - either neutral or ionised - are
a powerful tool in studying the structure, sources of ionisation, and composition of
galaxies.
Photons with optical wavelengths are emitted by Hydrogen atoms in which elec-
trons are undergoing transitions within the Balmer series. These transitions involve
an excited electron falling back down to the n=1 (second) energy level. The result-
ing emission lines, if present, will fall within an optical spectrum for a low-z galaxy..
The theoretical relative intensity (or ﬂux) ratios of the Balmer lines is important
to calculate, as deviation from the expected ratios can provide information about
that galaxy; in particular, temperature, electron density and interstellar reddening.
These intensity ratios are determined by assuming “Case B recombination”, as op-
posed to “Case A recombination”. In Case A, Lyman photons - emitted by excited
electrons transitioning down into the n=1 (ground) energy level - are able to escape
from the nebula inside which they are emitted. Conversely, in Case B, the Lyman
photons recombine with other Hydrogen atoms and do not escape. Case B is found
to apply in most astrophysical situations.
In order to calculate the expected intensity ratios, one must consider the rate of
radiative transitions - i.e., transitions that produce a photon - from any given energy
level to a lower level. This calculation is diﬀerent between Case A recombination
and Case B recombination, as Case B ignores all transitions that involve an electron
transitioning to the n=1 energy level (i.e. the Lyman series). This rate is a summa-
tion of the rate of recombination (where an electron recombines with a Hydrogen
nucleus) into a given state, and the rate of radiative transitions into that given state
from higher levels. For example, to calculate the rate of radiative transitions from
the n=3 level to the n=2 level - producing an Hα photon - one must sum the rate
of recombination into the n=3 state with the rate of radiative transitions from n>3
states to the n=3 state.
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The rate of recombination, Rrecombination, depends on the number density of
Hydrogen nuclei (protons), Np, the number density of electrons, Ne, and the recom-
bination rate coeﬃcient α, which is inversely proportional to temperature, T, and
also depends on both the energy level, n, into which the electron recombines, as well
as the quantum number, l, which deﬁnes the sub-shell into which the electron has
recombined. This gives:
Rrecombination = Np × Ne × αnl(T ). (2.1)
The rate of radiative transitions, Rradiative into any given energy level, nl, from all
higher levels, n′l′, is given by a summation (over all values of n’ and l’) of the number
of electrons (or “population”) in each higher level, Nn′l′ . The rate also depends upon
the Einstein A-co-eﬃcient, An′l′ to nl; the rate of spontaneous emission resulting from
an electron transitioning downwards between two energy levels (n′l′ to nl):
Rradiative =
∑
n′
∑
l′
Nn′l′ × An′l′ to nl. (2.2)
The rate of radiative transitions from any given level to the n=2 level - which is
eﬀectively the same as saying the ﬂux of the resulting Balmer emission line, fBalmer
- is then given by:
fBalmer = Rrecombination + Rradiative. (2.3)
Of course, quoting a speciﬁc ﬂux from an atom is not useful, as the observed ﬂux
from a galaxy will entirely depend on the amount of emitting material. It is therefore
more useful to deﬁne the ﬂux ratio of diﬀerent Balmer lines, as this should remain
constant. For the typical temperatures (∼104 K) and number densities (<104 cm−3)
within nebulae, Osterbrock (1989) shows that these ratios are as follows:
Hα/Hβ = 2.86, and Hγ/Hβ = 0.47, (2.4)
where Hα is the n=3 to n=2 transition, Hβ is the n=4 to n=2 transition, and Hγ is
the n=5 to n=2 transition. The ﬂuxes of the Balmer lines become relatively weaker
as one considers increasingly high-order transitions.
Once one has measured the Balmer Decrement, one can derive the colour excess,
E(B-V); the diﬀerence in colour induced by the reddening, or rather, the diﬀerence
between the observed (B-V) colour and the intrinsic (B-V) colour. This is done by
applying an extinction curve to the Balmer decrement; a plot of absorption versus
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wavelength such that one can quantify the amount of extinction required for such a
Balmer Decrement to have been measured. The canonical extinction curve is that of
Calzetti et al. (2000), who considered UV-to-FIR SEDs of 8 low-z starburst galaxies
and, through considerations of energy balancing (i.e. that UV-to-IR emission will
have been absorbed and re-processed into FIR emission), inferred the amount of red-
dening that these galaxies were experiencing and hence the intrinsic (unabsorbed)
SED.
Line ﬂuxes for Hα and Hβ were measured during BPT analysis (discussed in
detail later in this Chapter), so that the Balmer Decrement and therefore the red-
dening within the host galaxy may be quantiﬁed as E(B-V). This colour excess is
then multiplied by a speciﬁc coeﬃcient depending on the photometric band in which
the magnitude requires dereddening: for the r band we use the standard coeﬃcient
of 2.751 (Schlegel et al. 1998) and for the NUV and FUV bands we use 8.9 and 8.1
respectively (as in Kaviraj et al. 2007, who use the extinction curve of Calzetti et
al. 2000, which has a bump in the NUV that gives rise to the larger coeﬃcient).
Figure 2.4 then shows the fully dereddened CMD for both the full sample and also
split by morphological type. We note that we have removed BLAGN (deﬁned by a
Balmer line FWHM > 500 km/s) as the BPT method is found later in this Chapter
to have trouble dealing with large line widths.
2.3.2 Dereddened CMD and Morphologies
The dereddened CMD is not signﬁcantly diﬀerent to the original, with the peak of
the distribution still sitting at NUV-r ≈ 3, Mr ≈ -22; the green valley. We overplot
the empirical red sequence and blue cloud derived for 50,000 SDSS/GALEX galaxies
by Salim et al. (2007). As in the original (pre-dereddening CMD), for no morpho-
logical type is there the characteristic bimodal population that one expects to see
in a typical CMD (i.e. the blue cloud and red sequence). There has been a slight
shift both blueward to lower NUV-r values and also to more negative (brighter) Mr
magnitudes, which has resulted in the centre of the population moving to the blue
cloud.
The mean reddening corrections for Spirals, which are centred on the red se-
quence before dereddening, are 0.42 magnitudes in the r band and 0.93 magnitudes
in NUV-r, shifting the centre of the Spiral CMD to the blue end of the green valley
after reddening corrections. Barred Spirals show slightly higher mean reddening
corrections of 0.44 magnitudes in Mr and 1.00 magnitudes in NUV-r, again moving
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Figure 2.4: The Colour Magnitude Distribution for our full sample, before and
after dereddening, and also split by morphological type. Empirical red sequence
and blue cloud locations, designated by the red and blue lines, are based on a
sample of 50,000 SDSS/GALEX galaxies (Salim et al. 2007).
Figure 2.5: The Colour Magnitude Distribution for Spirals, before and after
dereddening, and also split by morphological type. Empirical red sequence and
blue cloud locations, designated by the red and blue lines, are based on a sample
of 50,000 SDSS/GALEX galaxies (Salim et al. 2007).
2.3 Colour-Magnitude Diagram 70
Figure 2.6: The Colour Magnitude Distribution for our Barred Spirals, before
and after dereddening, and also split by morphological type. Empirical red se-
quence and blue cloud locations, designated by the red and blue lines, are based
on a sample of 50,000 SDSS/GALEX galaxies (Salim et al. 2007).
Figure 2.7: The Colour Magnitude Distribution for Ellipticals, before and after
dereddening, and also split by morphological type. Empirical red sequence and
blue cloud locations, designated by the red and blue lines, are based on a sample
of 50,000 SDSS/GALEX galaxies (Salim et al. 2007).
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Figure 2.8: The Colour Magnitude Distribution for Irregulars, before and after
dereddening, and also split by morphological type. Empirical red sequence and
blue cloud locations, designated by the red and blue lines, are based on a sample
of 50,000 SDSS/GALEX galaxies (Salim et al. 2007).
Figure 2.9: The Colour Magnitude Distribution for Mergers, before and after
dereddening, and also split by morphological type. Empirical red sequence and
blue cloud locations, designated by the red and blue lines, are based on a sample
of 50,000 SDSS/GALEX galaxies (Salim et al. 2007).
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from the red sequence (before dereddening) to the green valley (after dereddening).
The ﬁnding that our Spirals and Barred Spirals are observed to be centred on the
red sequence will be revisited in more detail in the following chapter.
Irregulars are prone to slightly more reddening than either type of Spiral, with
mean corrections of 0.48 in Mr and 1.08 in NUV-r (but a larger standard deviation
in both). While they are observed to be in the green valley, when dereddened they
are seen to originate in the blue cloud. Mergers, unsurprisingly, show higher-still
mean reddening corrections of 0.58 in the r band and 1.31 magnitudes in NUV-r,
again with a larger standard deviation, and like Irregulars they originate in the blue
cloud but reddening eﬀects mean that they are observed as green valley galaxies.
The most surprising result is that Ellipticals show the greatest mean reddening
correction of all morphological types: 0.70 in Mr and 1.57 in NUV-r. This suggests
that, unlike the typical red-and-dead Elliptical that one sees on the red-sequence
in CMDs of optically-selected samples, these Ellipticals are observed in the green
valley, but are in fact intrinsically blue cloud objects that have been heavily ob-
scured. These Ellipticals are therefore likely to be post-mergers, examples of their
predecessors being the 30 spheroidal post-mergers at z<1 studied by Carpineti et
al. (2011) using a Galaxy Zoo-selected base sample of 370 postmergers compiled by
Darg et al. (2010a), in other words, Ellipticals that have been formed by a major
merger that was recent enough for there to still be ongoing star formation producing
signiﬁcant amounts of dust, but long enough ago that the morphology has relaxed
into a recognisably Elliptical structure. These Ellipticals are essentially the “missing
link” between spheroidal post-mergers and red-and-dead Ellipticals.
2.4 Spectral Energy Distributions
We use The Multi-wavelength Analysis of Galaxy Physical properties (MAGPHYS,
da Cunha, Charlot Elbaz 2008) model, to ﬁt the spectral energy distributions of
our galaxies. MAGPHYS is particularly powerful because it balances the energy
absorbed within a galaxy in the shorter-wavelength regimes (optical and UV) with
that emitted in the longer-wavelength regimes (the infrared); since infrared emis-
sion is absorbed and re-processed optical/UV emission. MAGPHYS calculates the
dust extinction (of light from stars) following the method of Charlot & Fall (2000),
assuming that the energy absorbed is equivalent to that re-emitted by the dust
(through PAH emission, cold dust, warm dust, and hot dust). MAGPHYS also
infers the intrinsic (unabsorbed) optical and UV emission according to the Bruzual
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& Charlot (2003) models for stellar population synthesis. MAGPHYS assumes no
energy input from AGN. MAGPHYS incorporates 25,000 models of stellar popula-
tions and 50,000 for dust emission. Each of these respective libraries covers a wide
range of values for various paramters such as metallicity, absorption by dust, and
dust temperature. From each library, models which postulate that emission from
dust in the ISM consitutes a similar fraction of the total dust luminosity are paired
together to make full SED models.
For each galaxy, each of the aforementioned SED models is compared with the
photometry and the χ2 parameter is calculated, allowing each physical parameter
(such as SFR) to be described by a probability density function, by weighting (e.g.)
the SFR from each model by e−x
2/2.
MAGPHYS is able to process a number of photometric ﬁlters from the UV to
the FIR. As well as the SDSS ugriz magnitudes and the IRAS ﬂuxes, we also include
additional infrared photometry to provide further constraints on the spectral energy
distributions of IIFSCz galaxies:
WISE
The Wide-ﬁeld Infrared Survey Explorer (WISE), launched in 2009, has scanned
the entire sky at 3.4, 4.6, 12 and 22 µm; making it akin to an all-sky version of
Spitzer and its Wide-area Infrared Extragalactic Survey (SWIRE). WISE data will
enable us to establish an accurate picture of the mid-infrared SEDs of these galax-
ies, tracing emission from warm dust and gas heated by young stars (and AGN dust
tori, where present), and thus are useful in constraining the star formation rate,
especially in combination with the longer wavelength IRAS data.
2MASS
The 2 µm All-Sky Survey (2MASS) was a ground-based project that mapped out the
entire sky in the J,H,K near-infrared bands (1.25, 1.65, and 2.17 µm respectively),
bridging the SED between the optical and the mid-infrared. The SEDs arising from
old stellar populations tend to peak in these bands, meaning that these data are
ideal for constraining the star formation history in local galaxies. Near-infrared data
is also important for constraining stellar mass, as most of the stellar population will
be old and fairly cool, with their emission peaking within these bands.
We only ﬁt sources with both WISE and 2MASS photometry available in order
to ensure high-quality SED ﬁts will be derived. This includes 10,192/11,965 sources.
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We did not include UV data in the MAGPHYS ﬁts as only 2/3 of our galaxies are
detected by GALEX, and we aim to maximise the sample size. Furthermore, in
order to ensure the accuracy of our MAGPHYS SED ﬁts, we shall only examine the
SED parameters derived for galaxies where the routine was able to ﬁt the data with
a reduced χ2 <5 (where we determine the number of free paramters from the formula
provided by Smith et al. 2012, and with this same restriction on reduced χ2 having
been applied to SED ﬁts for infrared galaxies by Rowan-Robinson et al. 2008). This
is the case for 77% of our galaxies, so we excluding the remaining 23% from any
analysis that uses MAGPHYS-derived paramters. For those with poor χ-squared
ﬁts, one large factor will be the presence of AGN, which MAGPHYS is not equipped
to deal with. Visual inspection of excluded sources also reveals frequent problems
with photometry, with multiple bands - particularly WISE bands - appearing to
show signiﬁcant problems. A recent update to the IIFSCz by Wang et al. (2014)
also ﬁnds discrepancies in WISE photometry relative to IRAS photometry for these
galaxies, a problem that they solve with aperture corrections, which was highlighted
when this study was nearly complete but warrants future investigation into whether
any of our excluded galaxies may be improved with such corrections.
The parameters that we shall derive and study from the MAGPHYS ﬁts for this
60% of our sample are star formation rate (which we denote SFRSED), stellar mass
(which we denote M*SED), and the speciﬁc star formation rate (which we denote
sSFRSED).
2.4.1 Star Formation Rates
Firstly, we shall compare SFRSED with the SFR derived from other estimators,
particularly the far-infrared and Hα photometry. Kewley et al. (2002) found that
dereddened Hα photometry can yield SFRs that agree with those derived from FIR
photometry to within 10%, for an optically-selected, low-z sample of 81 galaxies.
Recently, a study of 474 optically- and infrared-selected galaxies at 0.06 ≤ z ≤ 0.46
by Domı´nguez et al. (2012) also revealed a good agreement between SFRs derived
from far-infrared Herschel data and those derived from Hα photometry from the
20k zCOSMOS survey (Knobel et al. 2012), so we can test for both this agreement
as well as the accuracy of the MAGPHYS estimates.
The far-infrared SFR, SFRFIR, is calculated from the 8-1000 µm luminosity
(L8−1000µm) using the following relation:
SFRFIR (M⊙/yr) = L8−1000µm (erg/s)× 4.5× 10
−44, (2.5)
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as calculated by Kennicutt (1998), who derive this relation from stellar population
synthesis for a starburst with a Salpeter initial mass function. L8−1000µm is derived
for all IIFSCz galaxies by Wang & Rowan-Robinson (2009).
Meanwhile, we derive Hα-based SFR from the same relation used by Domı´nguez
et al., namely:
SFRHα (M⊙/yr) = LHα(erg/s)× 7.9× 10
−42. (2.6)
We calculate LHα from the dereddened Hα emission line ﬂuxes derived from the
SDSS spectra during our BPT emission line diagnostic measurement (discussed later
in this chapter). We use emission line width measurements from the OSSY cata-
logue (Oh et al. 2011) to exclude broad-line AGN (BLAGN; sources where the Hα
and/or Hβ emission line has a full width at half maximum (FWHM) exceeding 500
km/s; the minimum value seen in a sample of 19 Seyfert 1s by Osterbrock & Shuder
1982). Under this criterion, 4% of our sample are excluded as BLAGN. The result-
ing number of galaxies which are both not BLAGN and do have MAGPHYS ﬁts is
9,628.
We shall now discuss the quantative SFR estimates calculated using these three
methods, for the sample of non-BLAGN galaxies with MAGPHYS SED ﬁts, and
compare them with one another.
MAGPHYS
The MAGPHYS-derived SFR, SFRSED, is derived from the SED ﬁt itself and is
based upon SDSS, WISE, 2MASS and IRAS data. The value we take is the 50th
percentile of the marginalised likelihood function for the SFR of that source; i.e.,
the median value, and also, assuming that the likelihood function follows a normal
distribution, the mean value. The error we take is 0.5×(84th percentile - 16th per-
centile), which corresponds to 1σ under the assumption that the likelihood function
follows a normal distribution. For sources where the diﬀerence between the 84th per-
centile and 16th percentiles is eﬀectively zero, we assign an arbitrary error of 10−4
M⊙/yr, which is approximately the smallest non-zero error present in the dataset.
This is necessary for the correlation analyses which we shall discuss presently. For
our sample, the mean value of SFRSED is 10.1 M⊙/yr with a median value of 4.1
M⊙/yr. The standard error is 0.49 M⊙/yr.
FIR
The mean of SFRFIR for this sample is 21.8 M⊙/yr (over twice that derived from
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Figure 2.10: A comparison of the SFR distributions calculated for the M-IIFSCz from both from the FIR luminosity, derived from
SED ﬁtting (Wang & Rowan-Robinson 2009; in red) and also from MAGPHYS SED ﬁtting (da Cunha, Charlot Elbaz 2008; in
green). Broad-line AGN have been removed.
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MAGPHYS) and the median is 10.1 M⊙/yr (again, over twice that derived from
MAGPHYS). The standard error of SFRFIR is 0.77 M⊙/yr, indicating a larger
spread of values than for the MAGPHYS SFRs. The two distributions are com-
pared in Figure 2.4. Overall, however, SFRs based on the FIR luminosity derived
by Wang & Rowan-Robinson (2009) from their SED ﬁts of our sources provide sig-
niﬁcantly higher values than those from MAGPHYS. A K-S test conﬁrms that they
are not drawn from the same parent population (P=0.000). A similar result is also
presented in Figure 3 of da Cunha et al. (2012), who ﬁnd that using the Kennicutt
(1998) estimator to convert from FIR luminosity to SFR will typically overestimate
the SFR compared to that calculated by MAGPHYS, and they state that this is
because they include heating by stars older than 10 Myr, which is not related to
active star formation but will contribute to the FIR luminosity.
We also perform a Spearman’s Rank test accounting for the uncertainties on
SFRSED and SFRFIR. Neglecting uncertainties on data when testing for a correla-
tion means that the uncertainty on the correlation coeﬃcient itself is unknown and
may be large, which would render the existence of a correlation uncertain. In our
sample, the uncertainties on the two SFRs originate from the ﬂux errors, but there
are no reported errors on SFRFIR because Wang & Rowan-Robinson (2009) derive
absolute LFIR values from their template ﬁtting. We therefore assign an arbitrary
error of 10% on the SFRFIR values. In order to establish a correlation coeﬃcient
with an uncertainty, we must ﬁrst make an assumption about our data: ﬁrstly that
the data value corresponds to the mean value of a lognormal distribution (which,
like SFR, cannot take negative values) which has as its 1σ standard deviation the
error on the data point. We note the caveat that this will be unreliable for the
SFRFIR error values where we have simply assigned a 10% error, but we have in-
suﬃcient data to infer the true 1-σ standard deviation for each data point, so we
must proceed with this assumption but we note this as a caveat in this analysis.
We then use a Monte Carlo technique to create 1,000 false datasets, where for each
dataset we take each value of SFRSED and each value of SFRFIR and randomly
assign them new values drawn from a computer-generated normal distribution with
a mean equal to the value of the original data point and a standard deviation equal
to the value of the original uncertainty. Then, for each of these 1,000 new datasets,
we re-perform the Spearman’s Rank correlation test. We then take the mean and
standard deviation of the resulting distribution of Spearman’s Rank co-eﬃcients,
giving us a much more reliable indicator of whether there is in fact a correlation
between SFRSED and SFRFIR than if we were to ignore the errors on our data, as
is often done in the literature.
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Using this method, our Spearman Rank test with Monte Carlo error estimates
yields a weak positive correlation with a 95% conﬁdence interval for the correlation
coeﬃcient ρ of 0.0235 - 0.0292 and a 2-sided p-value suﬃciently low (95% conﬁdence
interval 0.004 - 0.0211) to reject the null hypothesis that there is no correlation be-
tween SFRFIR and SFRSED. However, this correlation is very weak indeed and this
may be due to the aforementioned problem of FIR photometry yielding overesti-
mates of SFR due to contributions from old stars.
Hα
We ﬁrstly require a non-zero Hα ﬂux in the OSSY catalogues (Oh et al. 2011). We
require the Hβ line ﬂux to be non-zero, as Oh et al. use the Balmer decrement to
deredden their line ﬂuxes, and hence without an Hβ ﬂux the dereddening cannot
be accurately performed. This reduces the sample by 39%, to 5,844 galaxies. Fi-
nally, we also restrict the sample to galaxies where the Hα SNR is >3, leaving 5,215
sources.
The SFRHα sample mean is 7.3 M⊙/yr, the median is 1.8 M⊙/yr, and the
standard error is 0.37 M⊙/yr. The distributions of SFRHα and SFRSED are not
consistent (Figure 2.5), and a K-S test suggests they are not drawn from the same
parent population (P=0.000). However, a Spearman Rank test with Monte Carlo
error treatment ﬁnds a strong positive correlation with the 95% conﬁdence interval
of the correlation co-eﬃcient ρ as 0.574 - 0.582 and a 95% conﬁdence interval on
the 2-sided p-value that is consistent with zero (the null hypothesis that there is no
correlation may be conﬁdently excluded). These results may suggest that there is
some rough scaling factor between SFRHα and SFRSED for each source. The ten-
dency of SFRHα to be biased low compared with SFRSED could be an issue with the
dereddening of the optical spectrum by Oh et al. Even where both Balmer lines are
measured, the measurement of each line’s ﬂux (and therefore the Balmer decrement)
is unreliable if the line ﬂuxes are low. Because our sample is infrared-selected, our
galaxies will typically be more optically-obscured than an optically-selected sample
within the same redshift range, which will cause signiﬁcant reddening of the emitted
spectra. The lower mean and lower median of SFRHα compared with SFRSED could
be due to low-SNR Balmer lines leading to the reddening correction being underes-
timated for these sources.
Because the OSSY catalogue contains Hα ﬂux measurements for the majority
of the spectroscopically-detected galaxies in the SDSS, we can use it to compare
the star formation properties of an optically-selected sample (the SDSS) with an
infrared-selected sample (our own; the M-IIFSCz). We select from the SDSS DR7
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Figure 2.11: A comparison of the SFR distributions calculated for the M-IIFSCz from both the Hα ﬂux (Oh et al. 2011; in blue)
and also from MAGPHYS SED ﬁtting (da Cunha, Charlot Elbaz 2008; in green). Broad-line AGN have been removed.
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spectroscopic sample (829,393 sources) only those galaxies with specclass=2 (galax-
ies) and those within the same redshift range as the M-IIFSCz. We also require a
non-zero Hβ ﬂux to again ensure that the spectra are correctly dereddened. This
yields 158,618 galaxies. Within this sample, there are galaxies with extreme SFRHα,
up to 9.7×105 M⊙/yr. The highest SFRHα in the M-IIFSCz, with the same selection
criteria listed above, is 2,193 M⊙/yr. In the SDSS sample, there are 850 galaxies
with SFRHα values in excess of this. Applying a SNR cut of ≥3 on the Hβ ﬂux
reduces the number of such sources to 34, so we perform this cut. (We do not,
however, perform the same cut on the M-IISFCz, as the M-IIFSCz SFRHα values
are not unphysical and applying this cut would reduce the sample size from 5,844
to 170). For these 34 sources with SFRHα > 2,193 M⊙/yr, visual inspection of the
SDSS spectra reveals sky lines at the Hα wavelength in 1 case only (which will have
resulted in an erroneous measurement of the ﬂux by Oh et al), and we remove this
source. Despite the apparently reliable spectra of the remaining 33 galaxies, the
largest of the SFRs are clearly unphysical. In order to remove erroneous data that
will skew the SFRHα distribution, we remove sources with SFRHα > 10,000 M⊙/yr,
leaving only one galaxy with a SFRHα greater than 2,193 M⊙/yr (its SFR is 3365
M⊙/yr). We leave this in the sample. Therefore, the ﬁnal sample size of SDSS
galaxies that we will examine is 2,891 galaxies.
We now compare the SFRHα distritubutions for the M-IIFSCz and for the
SDSS DR7. The two are shown in Figure 2.6 and a K-S test conﬁrms that they
are not drawn from the same parent population (P=0.000). The mean SFRHα for
the SDSS DR7 is 7.9 M⊙/yr; slightly higher than the value of 7.3 M⊙/yr for the
M-IIFSCz. However, the median, 0.6 M⊙/yr, is less than a third of that for the
M-IIFSCz (1.8 M⊙/yr), suggesting that a small number of high-SFR sources are
pulling up the mean while there are a larger number of low-SFR sources than we see
in the M-IIFSCz. This large number of low-SFR sources is clear to see in Figure 2.5.
The diﬀerence in the distributions is clear: that of the M-IIFSCz peaks at a higher
SFRHα (approximately 1.75 M⊙/yr) relative to that of the SDSS DR7 (which peaks
at approximately 0.5 M⊙/yr), and it is skewed towards higher SFRs relative to the
SDSS sample. In other words, the infrared-selected sample is more active in terms
of star formation than an optically-selected sample, as one would expect.
Finally, we compare the distributions of SFRHα and SFRFIR for the M-IIFSCz.
There is a signiﬁcant diﬀerence between the two distributions (Figure 2.7, Figure
2.8) and a K-S test conﬁrms they are drawn from a diﬀerent parent population
(P=0.000). We have previously discussed the properties of both distributions, and
the mean SFRHα is one-third of the mean SFRFIR, with a median over 5 times
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Figure 2.12: A comparison of the Hα-derived SFR distributions for both the infrared-selected M-IIFSCz (green) and also the
optically-selected SDSS DR7 (purple).
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smaller. These diﬀerences are signiﬁcant and imply that there may be a problem
with one or both calibrations. The Pearson product-moment correlation coeﬃcient
has a value of 0.005, extremely close to the zero value that implies no linear cor-
relation is present (-1 or +1 would suggest a strong negative or positive linear
correlation, respectively). However, the Spearman’s Rank correlation coeﬃcient be-
tween SFRHα and SFRFIR (which is less sensitive to outliers, and which can reveal
non-linear correlations) is 0.097, suggesting a weak positive correlation. The 2-sided
p-value is 2.65e-12, meaning that we can reject the null hypothesis (that there is no
correlation between SFRHα and SFRFIR) with a high level of conﬁdence. This sug-
gests a weak, non-linear, positive correlation between SFRHα and SFRFIR, although
the K-S test suggests that there is some scaling factor that needs to be applied to
quantatively translate one to the other. Kewley et al. (2002) found a Spearman’s
Rank co-eﬃcient of 0.95 between SFRHα and SFRFIR for their 81 optically-selected,
local galaxies, with a 2-sided p-value of /10−30. Therefore, their optically-selected
sample suggests a stronger positive correlation than our infrared-selected sample,
although in both cases the two SFR estimators appear to exhibit positive correla-
tion overall. We note that although Domı´nguez et al. (2012) also reported such
a correlation, they did not perform a statistical test of its signiﬁcance, and so we
cannot quantitatively compare their stated correlation with the one that we present
here.
The results of our Monte Carlo Spearman Rank test yield a 95% conﬁdence
limit on the correlation coeﬃcient of 0.0929 - 0.0984 with a 95% conﬁdence limit for
the 2-sided p-value of 1.047e-12 - 1.781e-11, conﬁrming our initial results that there
is indeed a weak positive correlation between SFRHα and SFRFIR.
In terms of why we do not see a stronger correlation, e.g. as that reported by
Kewley et al. (who, we note, do not state whether they have accounted for their
uncertainties in their Spearman Rank test), it may be signiﬁcant that we have used
FIR luminosities derived from SED ﬁts (from Wang & Rowan-Robinson 2009) rather
than directly using FIR photometry. Because the derivation of FIR luminosity varies
from source to source when performing SED ﬁts using template libraries, whereas
the conversion is uniform when directly converting from the ﬂux to the luminosity
(e.g., as in Cao et al. 2006), the cross-calibration between the two SFR estimators
will also vary from source to source, potentially weakening any intrinsic correlation
between the variables. Furthermore, as mentioned earlier, SFRs derived from FIR
photometry will be overestimates in at least some cases because of contributions to
dust heating from older stars.
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((a)) SFRHα is shown in blue whilst SFRFIR is shown in red.
((b)) The two SFR estimators are weakly, positively, correlated.
Figure 2.13: The SFR distributions calculated for the M-IIFSCz from Hα ﬂux
(Oh et al. 2011) and from the FIR luminosity, derived from SED ﬁtting (Wang
& Rowan-Robinson 2009).
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2.4.2 Summary of SFR Estimator Comparison
As can be seen in Figure 2.4 and Figure 2.5, MAGPHYS slightly overestimates SFR
compared with the Hα-based estimator, whereas it slightly underestimates SFR
compared with the FIR luminosity-based estimator. However, all three estimators
correlate with one another: SFRHα and SFRSED most strongly, followed by SFRHα
and SFRFIR, and ﬁnally the weakest correlation exists between SFRSED and SFRFIR
(which supports the discrepancy between these two estimators found by da Cunha
et al. 2012).
There are multiple advantages in using the MAGPHYS-derived SFR values in
the remainder of our analysis: ﬁrstly, the distribution of MAGPHYS-derived SFRs
is essentially an average of that from the other two estimators, and it is based
on a greater amount of photometry, meaning that reddening corrections should be
more reliable than those derived by Oh et al. for the OSSY catalogues using the
Balmer decrement. Furthmore, as discussed earlier, da Cunha et al. (2012) ﬁnd
that calculating SFR from FIR luminosity alone will over-estimate the SFR because
it assumes that all dust heating is due to new star formation, but in fact older stars
will also be contributing. MAGPHYS is able to account for this dust heating by
older stars. Another beneﬁt of using the MAGPHYS-based SFRs in future analyses,
rather than those derived from the Hα ﬂux, is that we proceed with a larger sample
size: recall that we had to reduce our sample size from 9,678 to 5,215 in order to
obtain reliable Hα ﬂuxes.
Therefore, for the remainder of this thesis, we will only quote and analyse the
SFR values that we extract from the MAGPHYS ﬁts for these sources.
2.4.3 Morphology
We now consider the variation in star formation properties with galaxy morphology.
Spirals begin as rotating disks of gas. The classic spiral arms are simply denser
regions of the gas, with this increased density induced by a Spiral or Lin-Shu Den-
sity Wave (Lin et al. 1969). As this wave travels through the disk at some constant
angular speed (the pattern speed), stars and gas eﬀectively pass into and then out of
the wave. These waves are thought to boost star formation, at least partly because
the higher mass densities encourage gravitational collapse of pre-protostellar cores.
Spirals are known to exhibit much greater rates of star formation than Ellipti-
cals, e.g., as found by Devereux & Young (1991), who studied star formation along
the Hubble sequence using IRAS data for 1,000 nearby galaxies. The stellar pop-
ulation in Ellipticals is usually seen to be “red and dead”, with only old stars and
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log(M*SED,M⊙) Spirals Barred Spirals Ellipticals Irregulars Mergers
Mean 10.17 10.18 10.13 10.21 10.15
Median 9.86 9.87 9.85 9.88 9.82
Table 2.2: The mean and median values of Stellar Mass for each of the morpho-
logical types in the M-IIFSCz.
no new star formation, giving them their typically red-yellow hue in the optical.
Conversely, Spirals have large reservoirs of cool gas (neutral Hydrogen and molecu-
lar Hydrogen) from which to form stars, with the rate at which this star formation
occurs ampliﬁed by the density waves.
The initial assumption was that Ellipticals must have severely depeleted gas
reservoirs in order to explain their marked absence of signiﬁcant star formation
activity. However, in recent decades it was discovered that Ellipticals do in fact
contain massive gas reserves: they are simply extremely hot (Roberts et al. 2001,
Busen et al. 2003), as evidenced by strong X-ray emission, and therefore cannot
form new stars. The likely source of this gas heating is postulated to be AGN-
driven. Kawata & Gibson (2005) have developed a chemodynamical model which
suggests that the AGN may provide self-regulating feedback that induces a stable,
X-ray bright corona, and that can also explain the characteristic suppression of star
formation in old Ellipticals.
Spiral galaxies are typically less massive than Ellipticals, which is logical since
multiple Spirals merge to form an Elliptical. This property, combined with their
higher SFR, means that Spirals have on average far higher speciﬁc SFRs (sSFR;
star formation rate per unit stellar mass) than Ellipticals. Compared to their red-
dish, Elliptical counterparts, Spiral galaxies are therefore markedly blue in optical
colour, due to their young, hot O and B stars.
Morphological interactions are also widely accepted to trigger starbursts, giving
rise to a blue optical colour in Irregular galaxies and in Merging systems.
For our sample, all morphological types share a common peak in Stellar Mass
(M*SED; as derived from MAGPHYS), at approximately 10
10 M⊙. Table 2.2 reveals
the mean and median values of Stellar Mass for each morphological type. Irregulars
have slightly higher mean and median Stellar Mass values than any other morpho-
logical type. Irregulars in our sample may have recently undergone a minor merger,
yielding a slight increase in Stellar Mass and a disturbed morphology. Surprisingly,
both the mean and median Stellar Mass for Ellipticals is lower than those for both
Spirals and Barred Spirals. The diﬀerence is not large, but in optically-selected
samples, Ellipticals tend to be more massive than late-types, as they are the result
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of a major merger whilst late-types by deﬁnition have not undergone such an event.
Any galaxy can experience a merger and so it is not surprising that Mergers in
our sample display Stellar Masses that are not signiﬁcantly diﬀerent from any other
type, although they do have the lowest median value (though again, the diﬀerence
is small).
In Figure 2.8 we show how the SFR for each morphological type varies as a
function of Stellar Mass. Ellipticals and Irregulars are the only sample with a sig-
niﬁcant tail extending down below a Stellar Mass of 108 M⊙, which could possibly
indicate dwarf galaxies. For galaxies exhibiting a Stellar Mass of (1010 M⊙), the SFR
of both Spirals and Barred Spirals peaks at approximately 5 M⊙/yr, while Mergers
peak at 10 M⊙/yr, and Irregulars and Ellipticals peak at ≈ 25 M⊙/yr. We also
show the mean and median SFRs (at no speciﬁc Stellar Mass) for all morphological
types in Table 2.3, which shows that there is no statistically signiﬁcant diﬀerence
overall in the mean SFR for Spirals and Barred Spirals. Irregulars and Ellipticals
exhibit the highest mean SFR of any of the morphological type, although we note
that one Elliptical has an SFR of ≈1,500 M⊙/yr (the second-highest is 213 M⊙/yr),
though it is not listed as being an unusual source on NED, and when this is removed
the mean value for the SFR of Ellipticals is reduced to 7.92 M⊙/yr; less than that
of the late-types. We also note that one Irregular has an SFR of 1,127 M⊙/yr (the
second-highest is 627 M⊙/yr), which is listed on NED by multiple sources as either
an Irregular or merging pair but visually appears to have once been a Spiral, and
which, when removed, yields a mean SFR of 14.46 M⊙/yr; still higher than that of
any other morphological type. This result is not surprising for Irregulars, which by
evidence of their appearance must have undergone recent gravitational interaction
that could trigger a starburst, and our ﬁnding that Ellipticals have the lowest mean
and median SFR of any morphological type is in agreement with them being largely
red and dead, as found in optical studies. Finally, although Mergers show slightly
increased mean SFR relative to both Spiral-types (although, as shown in Table 2.2,
the mean Stellar Mass being essentially equivalent between these three types), the
diﬀerence is relatively small, suggesting that the gravitational interaction has begun
to promote an elevated SFR but that it is not until much later in the merger - for
example, after coalescence, when an Irregular postmerger may be formed - that the
star formation reaches its peak, yielding the large mean SFR we see in our Irregu-
lars.
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((a)) Spirals
((b)) Barred Spirals
Figure 2.14: SFR vs Stellar Mass, split by morphology: I
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((c)) Ellipticals
((d)) Irregulars
Figure 2.14: SFR vs Stellar Mass, split by morphology: II
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((e)) Mergers
Figure 2.14: SFR vs Stellar Mass, split by morphology: III
log(SFRSED,M⊙/yr) Spirals Barred Spirals Ellipticals Irregulars Mergers
Mean 10.1 11.77 11.17(7.92) 17.13 10.71
Median 4.75 5.04 3.56 4.34 4.19
Table 2.3: The mean and median values of SFR for each of the morphological
types in the M-IIFSCz. For Ellipticals, the second value of the mean given in
brackets indicates the resulting mean when one galaxy with SFR=1,503 M⊙/yr
is removed from the sample.
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2.5 IR Luminosity Distribution
We analyse the distribution of IR luminosity across the M-IIFSCz, split by mor-
phology. This is done by determining the dominant morphological class (or
classes) within each luminosity decade. We split the sample into the following
luminosity bins: log(L8−1000µm)<9, 9≤log(L8−1000µm)<10, 10≤log(L8−1000µm)<11,
11≤log(L8−1000µm)<12 and log(L8−1000µm)≥12.
A common way to compare the proportion of one morphology to another within
a single luminosity bin is to compare their space densities. Within each luminosity
bin we can therefore perform the following calculation:
n∑
i=1
1
Vmax, i
, (2.7)
where Vmax, i is the maximum volume (typically in Mpc
3) within which we could see
galaxy i according to its luminosity and the minimum 60 µm ﬂux limit stipulated
in the IIFSCz selection criteria. Therefore, the sum of all 1/Vmax, i values within a
given luminosity bin is a proxy for the space density of galaxies in that bin.
In order to derive this maximum volume we must ﬁrst derive the maximum dis-
tance, dmax, out to which a galaxy with a given luminosity can be seen, according
to the 60 µm ﬂux limit of the IIFSCz (f60, min). This is given by:
dmax = (
Lrest
4 pi f60, min
)1/2, (2.8)
where Lrest is the rest-frame luminosity that gives rise to the observed 60 µm
ﬂux: the observed 60 µm emission has been redshifted from a diﬀerent, redshift-
dependent, rest-frame wavelength. Therefore, to calculate Lrest, we apply a K-
correction assuming a power law S(ν) ∝ ν−2 as is common in the far infrared.
This form of K-correction for these sources is justiﬁed by a close agreement be-
tween the K-correction derived from this method and the K-correction derived from
directly ﬁtting the SED (Wang & Rowan-Robinson 2009), and is also used in the
Rowan-Robinson & Wang (2010) study of HLIRGs from the IIFSCz.
We can then ﬁnd the maximum volume, Vmax, out to which the galaxy can be
detected:
Vmax =
4
3
pi (dmax)
3. (2.9)
The IIFSCz does not have a ﬁxed ﬂux limit at 60 µm (i.e., a ﬁxed value of
f60, min). This is because their selection criteria are threefold in terms of IRAS ﬂux.
There is a signal-to-noise requirement on the 60 µm ﬂux, rather than a ﬂux limit.
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The signal-to-noise value varies throughout the map and must be calculated at each
point of interest. Furthermore, there are various cuts on IRAS colours to rule out the
presence of cirrus and stars. Therefore, the selection criteria are non-uniform and
are impractical to reproduce for the purposes of establishing a 1/Vmax Luminosity
Function. The minimum 60 µm ﬂux of any source in the IIFSCz catalogue is 0.12
Jy, and hence for simplicity we shall use this value as a standard ﬂux limit.
The resulting IR luminosity breakdown of the sample is detailed in Tables 2.4
and 2.5 and in Figures 2.15 and 2.16.
The IR luminosity distribution of the sample as a whole (Table 2.4, Figure
2.15) shows that the lowest luminosity bin is dominated by Ellipticals, the low-
to-medium bins are the Spiral types, and the highest luminosity bins (LIRGs and
above) predominantly contain galaxies with recent or ongoing disturbance (Mergers
and Irregulars). These are consistent with what one would expect in an optically-
selected samples: Ellipticals have the lowest typical SFRs of the sample, followed by
the Spirals and then the disturbed types. Intriguingly, there is a small number of
Spirals in the highest luminosity bins: it is highly unusual to have a galaxy that has
never experienced a major merger with such luminosities and these galaxies clearly
warrant further, detailed study, to assess whether they are housing particularly IR-
luminous AGN, and to analyse their star formation histories and closely examine
their local environment to assess whether a minor gravitational disruption, such as
a ﬂy-by, could have recently elevated their SFR.
Considering each morphology separately (Table 2.5, Figure 2.16) shows that the
IR luminosity distributions of Irregulars and Mergers do in fact peak in the lowest
IR luminosity bins, along with the Spirals and Ellipticals. It is in fact the Barred
Spirals whose IR luminosity distribution peaks at the highest value, suggesting that
although they may not reach LIRG luminosities, ongoing star formation is signiﬁcant
in the majority of Barred Spirals. Barred Spirals exhibit a slightly higher mean and
median SFR than unbarred Spirals, but the diﬀerence is not signiﬁcant to 1σ, which
is contrary to multiple previous studies in the literature (see Chapter Three for a
detailed comparison of the properties of Spirals and Barred Spirals).
2.6 Environment
The environment of all SDSS galaxies has been characterised by Yang et al. (2007)
for the SDSS DR4, using their halo occupation model. This model locates potential
galaxy groups and determines whether a galaxy is a group member based on an es-
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IR Luminosity Spirals Barred Spirals Ellipticals Irregulars Mergers
9 ≤ log(L) < 10 1 0.07 0.74 0.19 0.32
10 ≤ log(L) < 11 1 0.03 0.38 0.23 0.38
11 ≤ log(L) < 12 0.15 0.02 1 0.10 0.46
log(L) ≤ 12 0.02 0 0.19 0.48 1
Table 2.4: The M-IIFSCz 1/Vmax 8-1000 µm Luminosity Distribution. We
divide the sample into four luminosity bins and calculate the relative space density
of each morphological type within each bin, in arbitary units, scaled such that the
highest space density within that bin is set to unity. Spirals are the most common
type of galaxy at log(L) < 11, whereas LIRGs are most commonly Ellipticals, and
ULIRGs are most commonly Mergers.
Morphology 9 ≤ log(L) < 10 10 ≤ log(L) < 11 11 ≤ log(L) < 12 log(L) ≤ 12
Spiral 0.38 1 0.06 ≈0
Barred Spiral 0.34 1 0.10 0
Elliptical 0.75 1 1 ≈0
Irregular 0.32 1 0.17 0.01
Merger 0.33 1 0.46 0.01
Table 2.5: The M-IIFSCz IR Luminosity Distribution within each morpholog-
ical type. We again divide the sample into four luminosity bins, and for each
morphological type calculate the relative space density within each luminosity
bin, in arbitary units, scaled such that the highest space density for that morpho-
logical type is set to unity. The space density for all morphologies peaks within
the 10 ≤ log(L) < 11 bin (the space density likely peaks at lower luminosities,
as per the canonical Luminosity Function, but these galaxies may be below our
detection limit). Predictably, all morphologies are relatively very rare at ULIRG
luminosities log(L) ≤ 12 compared to at lower luminosities.
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Figure 2.15: The morphological composition of the binned IR Luminosity Distribution.
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Figure 2.16: The IR Luminosity Distribution of each morphological type.
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Environmental Density Spirals Barred Spirals Ellipticals Irregulars Mergers
Low 37% 21% 25% 21% 23%
Medium 61% 74% 62% 65% 66%
High 2% 5% 12% 14% 12%
Table 2.6: For each morphological type we show how the percentage of galaxies of
that type varies across the three environmental density bins. For example, 37% of
Spirals live in low-density environments, 61% live in medium-density environments
and just 2% live in the highest density environments.
timated group mass, size and velocity dispersion. We have access to the SDSS DR7
version of this “groups” catalogue (F. van den Bosch, private communication), and
we have thus been able to divide our sample into ﬁeld, group and cluster galaxies.
Using this catalogue, it will be possible to test the theory that ULIRGs are ﬁeld
galaxies (Tacconi et al. 2002, Zauderer et al. 2007).
We take dark matter halo mass as a proxy for environmental density. Within
the Yang et al. catalogue, values for dark matter halo mass range from Mhalo=10
11
- 1016 (M⊙/h). Most galaxies, however, have 10
12 / Mhalo / 1013. We set up three
equal bins in logarithmic space: low density (Mhalo<10
12 M⊙/h), medium density
(1012 < Mhalo < 10
13 M⊙/h), and high density (Mhalo >10
13 M⊙/h), i.e. ﬁeld, group,
and dense group (galaxy clusters would correspond to Mhalo >10
14 M⊙/h, and we
have essentially no such objects in our sample: few IRAS galaxies live in clusters).
In Table 2.4 we show how diﬀerent morphological types of galaxies are
distributed across diﬀerent environments. All types are predominantly found in
medium-density environments, although a higher fraction of Spirals are found in
low-density environments: 37% live in the ﬁeld, while for the remaining morpho-
logical types, a narrow range of 21-25% live in the ﬁeld. The diﬀerence between
Spirals and Barred Spirals is particularly striking, and will be examined in further
detail in the next Chapter. Meanwhile, in high density environments there is a clear
dichotomy between Spirals and Barred Spirals (those which have not experienced a
signiﬁcant interaction event), and Ellipticals, Irregulars and Mergers (those which
have or currently are). Only 2% of Spirals and 5% of Barred Spirals are found in
high-density environments, while 12% of Ellipticals and Mergers and 14% of Irreg-
ulars are found here. Spiral-types are, notoriously, relatively rarer in high-density
environments, since clusters usually host earlier types, particularly massive galaxies
at the centre which are the result of multiple galaxy mergers, and also play host to
ongoing intra-cluster interactions that disrupt Spirals, such as ram pressure strip-
ping.
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2.7 Emission Line Diagnostics
As with any astronomical object, the only way to analyse the properties, character-
istics and behaviour of a galaxy is to study its light. However, the electromagnetic
emission from a galaxy typically arises from the combination of multiple processes.
These processes include star formation (and in particular the radiation from the
most massive O and B stars) and the activity of the galactic nucleus, which radi-
ates according to a power-law continuum, as well as other radiation sources, such
as planetary nebulae; the ejected and photo-ionised outer layers of dying red giant
stars, as well as shock heating (from supernovae, for example). The total emission
generated within a galaxy by each of these processes may diﬀer not only between
diﬀerent parts of the electromagnetic spectrum, but also between galaxies of diﬀer-
ent mass, luminosity, environment, morphology, and so on.
The M-σ relation (as discussed in Chapter One) has clearly established the fun-
damental relationship between the birth of stars within a galaxy and the growth
of the supermassive black hole in that galaxy, over long time-scales. However, the
picture at speciﬁc epochs within the lifetime of a galaxy is as yet unclear: do peak
epochs of star formation and AGN activity occur in lock-step, or with a time delay
between the two? Furthermore, is it possible that no correlation is seen at any given
time, but over long time-scales the cumulative growth of both the stellar mass and
SMBH mass are somehow regulated to be proportional to one another? Answers
to these questions can only be found through disentangling emission from star for-
mation and the AGN, so that we can probe the activity of each one separately and
accurately.
An empirical method that has been successfully implemented time and again
for more than three decades comprises the use of a diagnostic diagram introduced
by Baldwin, Phillips & Terlevich (1981), which is otherwise known as the BPT di-
agram. The BPT method relies on the fact that ratios of speciﬁc emission lines
in a galaxy spectrum hold signiﬁcant information about the characteristics of that
galaxy. To quote Baldwin, Phillips & Terlevich:
“There is a long history of classifying planetary nebulae on the basis
of the relative intensities of their emisison lines (cf. Aller and Liller
1968). It is also well known that the emission-line spectra of galac-
tic HII regions can be usefully classiﬁed according to intensity ratios
such as I([OIII]/λ5007)/I(Hβ) or I([OII]λ3727)/I([OIII]λ5007) (Searle
1971; Smith 1975; Alloin, Bergeron, and Pelat 1978), with the range in
these parameters being provided mostly by the spread in heavy-element
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abundances among diﬀerent objects. Unfortunately, power-law photo-
ionization or shock-wave heating are not easily distinguished in these
one-parameter classiﬁcation schemes. These types of objects are instead
recognized by the presence of lines indicating simultaneously high ion-
ization and low ionization.”
The BPT diagram is a simple way to distinguish between HII regions, Low-Ionisation
Nuclear Emission Regions (LINERs) and Seyfert 2 AGNs; i.e. one can determine
whether a galaxy’s emission is dominated by ionising radiation from stars or from
an AGN. LINERs typically have a lower luminosity than Seyferts, but the high
luminosity end of the LINER luminosity distribution overlaps the low luminosity
end of the Seyfert luminosity distribution. However, other properties diﬀer between
these two types of AGN; such as temperature, density, heavy-metal abundance, and
the level of ionisation. Emission lines (or rather, ratios) are sensitive to such eﬀects.
This is the motivation for the BPT method.
Here we focus on the line ratios OIIIλ5007/Hβ and NIIλ6583/Hα, which allow us
to neatly split the sample into galaxies in which the dominant ionisation mechanism
is star-formation driven (HII region), and those in which it is AGN-driven (LINERs
or Seyfert 2s). This is demonstrated in Figure 2.17 (Figure 2.3 from Peterson 1997,
where open circles represent HII regions, closed triangles represent LINERs, and
closed circles represent Seyfert 2 AGN). The beneﬁt of using these two pairs of
emission lines is that the lines in each pair are close together in wavelength, so that
if interstellar reddening is introducing an absorption gradient into the spectrum
(which, as discussed previously, can be identiﬁed through analysis of the Balmer
Decrement), these emission line ratios are unaﬀected.
As mentioned earlier, it is known that there are a number of broad line AGN
(BLAGN) in this sample. The BPT diagram is not suitable for BLAGN, so they
must be temporarily removed so as not to distort the results. We deﬁne a BLAGN to
be a source where the Hα and/or Hβ emission line has a full width at half maximum
(FWHM) in excess of 500 km/s, which is the minimum FWHM found for the Balmer
lines in a sample of 19 Seyfert 1s (Osterbrock & Shuder 1982). In order to impose
this requirement we crossmatch the M-IIFSCz with the OSSY catalogue (Oh et
al. 2011), which contains emission line measurements for nearly all galaxies with
SDSS spectra (in DR7), and includes 11,786/11,965 of our galaxies. OSSY contains
measurements of the velocity dispersion, σ, of the Balmer emission lines, which are
related to the FWHM according to:
FWHM ≈ 2.35 σ. (2.10)
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Figure 2.17: A typical BPT diagram. The horizontal axis shows the NIIλ6583/Hα
ﬂux ratio whilst the vertical axis shows the OIIIλ5007/Hβ ﬂux ratio (Peterson
1997). Open circles represent HII regions, closed triangles represent LINERs, and
closed circles represent Seyfert 2 AGN
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From the criterion of FWHM > 500 km/s, 4% of M-IIFSCz galaxies (423 sources) are
classiﬁed as BLAGN, 2% (251) of which have “Sure” morphological classiﬁcations.
Of these, 16% are Spirals, 7% are Barred Spirals, 26% are Ellipticals, 16% are
Irregulars and 34% are Mergers. Interestingly, 3 sources are classiﬁed as Partial,
suggesting that the target was in fact a source which lies behind a foreground galaxy,
confusing the classiﬁcation, and 2 are Unclassiﬁed (“U”), as they appeared star-like,
but are evidently QSOs (Quasi-Stellar Objects do by deﬁnition look very much like
stars, after all).
However, if we consider each morphological class individually, we can say that
within the M-IIFSCz, approximately 1% of Spirals contain a BLAGN, compared
with 4% of Barred Spirals, 11% of Ellipticals, 7% of Irregulars and 7% of Mergers.
Table 2.2 shows the make-up of each morphological class in terms of the emission
line diagnostics, including a category for BLAGN. The total AGN fraction within
each morphological class is also shown.
The observation that Barred Spirals have a higher AGN fraction than normal
Spirals is somewhat controversial, as the same result was found by Simkin, Su,
Schwarz (1980), but not by Fricke Kollatschny (1989), though the latter study only
considered Seyfert types and we can see that LINERs contribute 18% of the 40%
AGN fraction in the Barred Spirals sample.
As a point of interest, we brieﬂy investigate the class that the BPT method has
assigned to the BLAGN identiﬁed during classiﬁcation. The BPT method is not
designed to work on broad line objects, and it is therefore unsurprising that the vast
majority of the BLAGN in our sample are classiﬁed as Quiescent under the BPT
criteria. Quiescent is the classiﬁcation automatically assigned when the NIIλ6583/Hα
ﬂux ratio has a SNR < 3, and is sometimes also assigned when the OIIIλ5007/Hβ
ﬂux ratio has a SNR < 3. It is likely that the code is treating the wings of the broad
lines as noise, leading to a poor SNR.
2.7.1 AGN Properties
We examine the star formation properties of AGN vs non-AGN for each morphologi-
cal type in the M-IIFSCz, as determined through BPT analysis. AGN are deﬁned as
being LINER, Seyfert, LINER/Seyfert, or BLAGN (deﬁned by a Balmer FWHW >
500 km/s as listed by Ossy et al. 2011). This is shown in Figure 2.12. We note that
in all cases we have excluded Transition Objects completely, due to their uncertain
nature.
Star formation rates in Spiral galaxies with and without an AGN are dis-
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Morphology Quiescent Star-forming Transition LINER Sy2 LINER/Sy2 BLAGN fAGN
Spiral (S) 31% 37% 8% 8% 2% 12% 1% 23% (31%)
Barred Spiral (SB) 18% 30% 12% 18% 5% 13% 4% 40% (52%)
Elliptical (E) 31% 24% 9% 11% 4% 11% 11% 37% (46%)
Irregular (I) 25% 45% 10% 6% 1% 6% 7% 20% (30%)
Merger (M) 35% 34% 9% 7% 2% 8% 7% 24% (31%)
Table 2.7: A breakdown of the BPT Emission Line Diagnostics results for each morphological type (“Sure” classiﬁcations only), as
well as the total AGN fraction for each morphology. BLAGN are classiﬁed where the host galaxy spectrum contains Balmer emission
lines with FWHM > 500 km/s, as listed in the OSSY catalogue (Oh et al. 2011). Note that fAGN lists two values, the ﬁrst is with
Transition Objects counted as non AGN and the second is with them counted as AGN.
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((a)) Spirals: Non-AGN are on the left, AGN are on the right.
((b)) Barred Spirals: Non-AGN are on the left, AGN are on the right.
Figure 2.18: SFR vs Stellar Mass, split by AGN activity: I
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((c)) Ellipticals: Non-AGN are on the left, AGN are on the right.
((d)) Irregulars: Non-AGN are on the left, AGN are on the right.
Figure 2.18: SFR vs Stellar Mass, split by AGN activity: II
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((e)) Mergers: Non-AGN are on the left, AGN are on the right.
Figure 2.18: SFR vs Stellar Mass, split by AGN activity: III
tributed similarly, consistent with the picture that Spiral galaxies tend to host lower-
luminosity AGN (such as LINERs), which would supply minimal feedback to the
host galaxy (recall from Chapter 1 that AGN feedback is postulated to be able to
suppress or reduce star formation). Similarly, the distributions of stellar mass within
the two populations appear to be consistent.
One might expect to see an increased SFR in Barred Spirals for the same rea-
son that one sees an increased AGN fraction: the bar funnels gas from the outer
regions of the galaxy into the centre, fuelling star formation within the bar and in
the circumnuclear regions, and also feeding the AGN. However, in Barred Spirals, al-
though Figure 2.12 indicates that the presence of an AGN is correlated with a higher
SFR - the SFR distribution for Barred Spirals without an AGN peaks at 5 M⊙/yr,
while that for AGN-hosting Barred Spirals peaks at 10 M⊙/yr - the diﬀerence is not
statistically signiﬁcant, as the errors on the mean of each SFR distribution overlap
within 1σ. The peak stellar mass of the two populations again appears consistent.
Ellipticals exhibit the opposite scenario: the presence of an AGN in an Ellip-
tical galaxy correlates with a much lower SFR, with the AGN-hosting distribution
peaking at 5 M⊙/yr; half the value of the peak at 10 M⊙/yr for Ellipticals without
an AGN. The stellar masses are consistent between the populations. For the nucleus
to be active, there must be a supply of gas, and in the presence of such a gas supply
there should also be enhanced star formation in the host galaxy - yet we see the
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Figure 2.19: The distributions of stellar mass in Irregulars with and without an
AGN. For each, we overplot the best-ﬁtting Gaussian proﬁle.
opposite. Ellipticals typically host the more powerful AGN - quasars - which are
speculated to be able to suppress star formation through feedback. Indeed, 11% of
our Ellipticals contain broad line AGN; meaning they are more common in Ellipti-
cals than in any other morphological type. Such negative feedback would provide
a plausible explanation for the reduced SFR in AGN-hosting Ellipticals. The SFR
distribution is quite wide-spread for Ellipticals without an AGN, meaning while the
peak is at 10 M⊙/yr, there are many Ellipticals with both higher and lower SFRs.
A logical supposition would therefore be that the high-SFR Ellipticals in our sample
that do not currently host an AGN are quite young, with a signiﬁcant gas reservoir
still intact, and will evolve by having their AGN “switch on”, triggering star for-
mation suppression, and hence rendering them as low-SFR, red and dead Ellipticals
when the AGN switches oﬀ.
For Irregular galaxies, both the stellar mass is lower on average in galaxies
with an AGN compared to those without, while the peak and range of the SFR
distributions are very similar. The stellar mass diﬀerence may be due to a selection
eﬀect whereby the presence of an AGN heating the dust and gas within the galaxy
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allows the detection of lower mass galaxies that would otherwise not meet the se-
lection criteria. To test this, we plot the distribution of stellar mass for sources
both with and without an AGN in Figure 2.13, as if selection eﬀects are causing
the stellar mass diﬀerences then we should see disagreement in the distributions at
lower stellar masses but a good agreement at higher stellar masses (where the galax-
ies would be detected even without an AGN being present). While the low-stellar
mass distributions are indeed dissimilar, with that of Irregulars not containing an
AGN peaking at lower stellar masses, the tails of the distributions at stellar masses
≥1010.6 M⊙ are somewhat similar. However, the relative dearth of AGN-containing
Irregulars at the stellar mass at which the population of Irregulars without an AGN
peaks makes selection eﬀects unlikely to be the only factor at play. Furthermore,
there is the question of why the SFR distribution is truncated where an AGN is
present. This could be explained by outﬂows from the AGN suppressing the star
formation. A variety of observational evidence has been used to support the exis-
tence of such outﬂows, including broad absorption line features in various UV and
optical lines (for BLAGN), P Cyngi proﬁles in the molecular lines OH (e.g. Spoon
et al. 2013, who study local ULIRGs), CO (e.g. Cicone et al. 2014, who also study
local ULIRGs), as well as blue-shifted Fe lines (e.g. Tombesi et al. 2010, who study
z≤0.1 X-ray-bright AGN). Since we have optical spectra for all these galaxies, one
future project could be to analyse the spectra for broad absorption line features in
order to determine whether AGN outﬂows are indeed present and would therefore
provide a plausible cause for the truncation of SFR that we see in the presence of
AGN in these Irregulars.
We note another unusual feature of Irregulars that lack an AGN, which is that
their peak stellar mass is higher than the peak stellar mass for the population of any
other morphological type of galaxy, regardless of whether an AGN is present. The
exception to this is Mergers that currently host an AGN, which peak at approxi-
mately the same stellar mass as Irregulars without an AGN. This could potentially
be explained by an evolutionary sequence whereby these high-mass Mergers evolve
into high-mass Irregulars, and at some point in this process the AGN switches oﬀ.
In such a scenario, the higher SFR in the Irregulars could indicate either that the
AGN in the high-mass mergers are suppression star formation through feedback,
and therefore the SFR increases when the AGN switches oﬀ and the suppression is
removed. This could be tested by again looking for evidence of outﬂows from the cen-
tral engine in the Mergers, which could create such supression by expelling/heating
star-forming gas.
Mergers - potentially the precursors to the disturbed/postmerger Irregulars -
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exhibit lower SFRs than Irregulars, peaking at 10 M⊙/yr regardless of AGN activity.
This could be explained by the merging process causing enhanced star formation
after some delay. The galaxies classiﬁed as being part of a merger within our sample
are spread across all the stages of a merger, and across a range of mass ratios (judging
by the relative size of the companion galaxy in the images: we have not investigated
the properties of the companion galaxies in this study). The enhancement in SFR
due to a merger varies considerably depending on the original morphology of each
galaxy (which dictates the size of the gas reservoir), the stage of the merger (e.g.,
see Figure 7 in Cox et al. 2006 for the variation in SFR within two merging Spiral
galaxies during a 3 Gyr major merger), and the mass ratio. Therefore, without
further work to separate our merger sample into such subsets, and to investigate the
SFR-stellar mass relation for each, the only conclusion we can draw here is that the
enhancement of SFR caused by gravitational interaction outlives the merger itself,
as evidenced by Irregulars (postmergers/post-interacting galaxies) having higher av-
erage SFRs.
2.8 Conclusions
We have created a new catalogue that contains morphological classiﬁcations for
nearly 12,000 galaxies from the local IR galaxy population. For each galaxy we
have also performed SED ﬁtting and extracted physical properties including star
formation rates and stellar masses. The IR luminosity distribution for each mor-
phology, and for the entire population split by morphology, has been examined. We
have used emission line diagnostics, both through BPT analysis and the selection
of broad spectral lines, to detect AGN activity. Finally, we have catalogued the
environments in which our galaxies live.
The colour-magnitude diagram for this infra-red selected sample is not bimodal,
as one sees with an optically-selected sample. Instead, our sample is centred in the
green valley, before and after correcting for attenuation in the host galaxy. This is
signiﬁcant in itself, implying that the green valley is not merely a transition zone, as
has been thought for some time (at least for optical samples). Rather, it is home to
our infrared-selected sample, the SFR distribution of which peaks at a higher aver-
age value than that of an optical control sample (the SDSS DR7). It therefore seems
that the star-forming region of the CMD is much wider than previously thought,
encompassing both the blue cloud and the green valley.
However, perhaps the most surprising result is that Elliptical galaxies are ob-
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served to lie in the green valley, but are revealed through dereddening to in fact be
blue cloud galaxies. The Ellipticals in this sample are therefore a diﬀerent breed
of Elliptical than those in optically-selected samples: far from being red and dead,
these still have signiﬁcant SFR taking place, and are likely to be much younger than
optically-selected Ellipticals - i.e., that the major merger that created them hap-
pened more recently. Kinematic studies comparing these Ellipticals to an optically-
selected control sample, using an instrument such as SAMI (e.g. Fogarty et al.
2014), could examine whether optically-selected Ellipticals appear more kinemati-
cally relaxed than those in our sample. Analysis of star formation histories would
also be instructive in putting a timescale on the age diﬀerence between our Ellipti-
cals and their red and dead counterparts.
We have compared three diﬀerent SFR estimators: SED-based, Hα, and FIR.
All are statistically correlated with one another, but there are still signiﬁcant diﬀer-
ences. Our ﬁndings support the da Cunha et al. (2012) result that FIR-based SFRs
will yield overestimates compared with the SED-based SFRs, purportedly due to
the inclusion of dust heating from older stars. The closest agreement lies between
Hα-based and SED-based SFRs, with Hα consistently underestimating SFR relative
to the SED-based method.
The IR luminosity distribution of the sample shows that the lowest luminosity
bin is dominated by Ellipticals, the low-to-medium luminosity bins predominantly
contain the Spirals and Barred Spirals, and galaxies classed as LIRGs or more lu-
minous tend to have experienced recent or ongoing disturbance (Mergers and Irreg-
ulars). These results are typically also seen in optically-selected samples, whereby
Ellipticals have the least star formation, followed by Spirals, and with disturbed
galaxies peaking in SFR.
The IR luminosity distributions of all morphologies except Barred Spirals peak
in the lowest luminosity bins. The Barred Spiral IR luminosity distribution peaks at
the highest luminosity, suggesting that although they may not reach LIRG luminosi-
ties, ongoing star formation is signiﬁcant in the majority of Barred Spirals. Barred
Spirals exhibit a slightly higher mean and median SFR than unbarred Spirals, but
the diﬀerence is not signiﬁcant to 1σ, which is contrary to multiple previous studies
in the literature.
Most galaxies prefer medium-density environments, but over a third of unbarred
Spirals reside in the ﬁeld, with a percentage that is over 10% higher than that for
any other morphological type, including Barred Spirals. This is a curious diﬀerence
if the process of bar creation is entirely secular, and suggests that the creation of a
bar could be inﬂuenced or encouraged by external forces: not a major merger, as this
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would destroy the Spiral, but perhaps a minor merger or a ﬂy-by could trigger or
enhance a bar-forming instability (as proposed by Elmegreen, Elmegreen and Bellin
1990). There is a dearth of both Spiral types in the highest density (dense group)
environments, relative to the post-merger types (Elliptical, Irregular, and Merger),
which is typical as dense environments are rather hostile towards the fragile Spiral-
type morphology.
Barred Spirals and Ellipticals show the highest AGN fractions of all the mor-
phological types, with Ellipticals housing the highest percentage of BLAGN - this
is unsurprising as they tend to play host to quasars triggered by major mergers. Ir-
regulars have the highest percentage of purely starforming galaxies, while strangely,
Mergers have the highest percentage of “quiescent” galaxies, although these are de-
ﬁned as galaxies with no clear BPT line ratios. It would be worth pursuing higher
SNR follow-up spectroscopy for these sources, as interacting galaxies are expected
to have signiﬁcant levels of star formation and AGN activity.
The presence of an AGN appears to be associated with higher SFR in Barred
Spirals, but a lower SFR in Ellipticals and Irregulars. In unbarred Spirals and Merg-
ers, there appears to be no diﬀerence. The correlation between AGN activity and
star formation is expected in Barred Spirals due to gas inﬂow along the bar, while in
Ellipticals, the presence of a powerful AGN could provide negative feedback to the
star formation and decrease the SFR. It is possible that Irregulars could experience
the same negative AGN feedback as Ellipticals, and we have suggested follow-up
observations of these sources to look for absorption features that would indicate
outﬂows.
The distribution of stellar masses in both types of Spiral and in Ellipticals is
roughly the same with and without an AGN, but it is typically the lower mass Ir-
regulars and higher mass Mergers that house AGN. For Irregulars, it is likely that
selection eﬀects are at play; a low mass galaxy is more likely to be detected if it
contains an AGN, as it will be more luminous. In Mergers, the preference of AGN
to reside in higher mass galaxies could be a function of the available gas reservoir
within the galaxy that is merging: in more massive galaxies there is likely to be
more gas to fuel an AGN.
Finally, an update to the original IIFSCz catalogue has just been released (Wang
et al. 2014), which provides updated photometry, new photometry in additional mul-
tiwavelength bands, and correspondingly updated SED ﬁts and parameters. There
is therefore scope for the M-IIFSCz to be updated accordingly and for the MAG-
PHYS ﬁts to be re-run with the newly available photometry, which will improve the
accuracy of the derived physical parameters.
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Chapter 3
Barred Spirals in the M-IIFSCz
Many spiral galaxies contain a bar structure: in the local universe, this “bar frac-
tion” stands at at least 25-30% (e.g. Sellwood & Wilkinson 1993, Sheth et al. 2008),
although some studies suggest higher fractions: Moles et al. (1995) suggest a ﬁgure
of 70-80%. The bar fraction is also known to vary with properties such as stellar
mass and star formation history (Nair & Abraham 2010), as well as AGN activity
(e.g. Knapen et al. 2000). Additionally, measurements of the bar fraction depend
on the wavelength in which the galaxies are observed: Knapen et al. (2000) ﬁnd
that 50-60% of spiral galaxies are barred in near-infrared images, and Eskridge et
al. (2000) report that 73% of their sample of spiral galaxies have at least a weak
bar structure when viewed in the near infrared, whereas optical studies classify only
30% of this same sample as containing bars.
Bars can be triggered by a secular evolution process such as gravitational torques
that drive gas towards the nucleus (Haan et al. 2009). They are thought to be a tem-
porary phase in the evolution of Spiral galaxies, which may oscillate through phases
of being barred and then unbarred as the bar is created, destroyed and re-created,
and so on. Norman, Sellwood & Hasan (1996) model the destruction of a galactic
bar as a secular process once the central mass grows too large, and Athanassoula
(2006) also show that a bar can be destroyed via the infall of a companion.
The relationship between bars, star formation and AGN activity is unclear. Bars
are thought to drive gas towards the central regions of the galaxy (e.g., Athanassoula
1992, Sheth et al. 2005, Beck 2012), and Barred Spirals in general are associated
with higher levels of star formation (e.g. Ellison et al. 2011, and as seen in the
previous Chapter of this thesis) and as such, bars might be expected to drive cir-
cumnuclear star formation while also fuelling the AGN. Indeed, elevated central star
formation has been found in Barred Spirals (e.g. Ho, Filippenko & Sargent 1997,
Hao et al. 2009). However, the picture for AGN is less clear: Simkin, Su, & Schwarz
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Figure 3.1: The variation in bar fraction with axial ratio.
(1980) reported a higher AGN fraction where a bar is present, and similarly, Hao et
al. (2009) found the bar fraction was higher where an AGN is present. Conversely,
however, Fricke & Kollatschny (1989) found no evidence for a higher AGN fraction
where a bar is present, and similarly, Martini et al. (2003) did not ﬁnd a higher bar
fraction in galaxies hosting AGN. The picture, evidently, is unclear.
One of the many potential ventures that the M-IIFSCz has made possible is
that of comparing whether and how a wide range of galaxy properties such as AGN
activity, star formation, stellar mass, and colour vary between Spiral galaxies with
and without a bar. It is this avenue of research that we shall focus on in this Chapter.
3.1 Sample
We use the “Sure” samples of Spirals and Barred Spirals selected from our mor-
phological IIFSCz catalogue, the M-IIFSCz, which we introduced in the previous
Chapter. The “Sure” classiﬁcations within the M-IIFSCz comprise 47% Spirals and
7% Barred Spirals. Numerically, we have 2,974 Spirals and 485 Barred Spirals,
meaning a bar fraction of 14%.
However, some Spirals have been classiﬁed as high-inclination or even edge-on
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disks, so we cannot be certain that these Spirals do not have a bar. In Figure 3.1 we
examine the variation in the bar fraction with the parameter expAB r from the SDSS
DR7 catalog, which is the minor-to-major axial ratio from an exponential ﬁt to the
r-band photometry. There is a signiﬁcant variation, with the bar fraction initially
rising as one increases the axial ratio from ∼0.2 to ∼0.5, which is unsurprising since
at lower inclinations a bar will be increasingly diﬃcult to identify. There is then
a decline in the bar fraction as one looks to lower inclinations, i.e., as the galaxy
becomes more face on. A signiﬁcant variation in bar fraction with galaxy inclina-
tion has also been found in the Hubble-selected sample of Elmegreen, Elmegreen &
Hirst (2004), who saw a similar downturn in bar fraction at low inclinations in cer-
tain Hubble types of Barred Spirals; SBcd, SBd, and SBm, which have the faintest
bulges of any Spiral type. The question of why such types are rarer at low incli-
nations has not been addressed by the authors and is a complicated issue that we
shall also not address here. Nonetheless, if we are somehow biased towards these
late types of Barred Spiral, this could explain why we also see a downturn in bar
fraction at low inclinations.
Assuming that it is late-type Barred Spirals we are biased towards selecting,
this would require that they have typically higher star formation or increased AGN
activity relative to earlier type Barred Spirals, so as to be preferentially selected.
Ho et al. 1997a observe an increase in HII regions in the nuclei of galaxies along the
Hubble sequence, from 22% in Sa galaxies, 52% in Sb and 80% in Sc-Im; and for
Barred Spirals they observe that HII regions are comparatively more commonly seen
in the nuclei than for unbarred galaxies, though only for late-types. Therefore, later
type Barred Spirals should indeed be more starforming than earlier types, meaning
our selection is biased in their favour. On the other hand, later type galaxies are
seen to be more weakly-barred, and should in fact be less eﬃcient than early type
Barred Spirals at driving nuclear star formation (Athanassoula 2002), meaning our
selection criteria should be biased against them.
The situation is complicated by the fact that we select in the infrared but ob-
serve morphology in the optical. It is well known that the infrared bar fraction
is much higher than that in the optical. For example, Eskridge et al. (2000) ﬁnd
that 73% of infrared-selected Spirals have a bar in the H-band. Our sample selec-
tion is therefore likely biased towards detecting infrared bars, but possibly biased
against detecting optical bars (since by deﬁnition we are selecting optically-obscured
sources), meaning that the optical bar fraction in our sample may be lower than for
an optically-selected sample. This can explain why the optical bar fraction in our
sample at all axial ratios is consistently lower for than the bar fraction quoted in
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optically-selected samples. Eskridge et al. also note that the bar fraction is the
highest (approximately 75%) in the late-type Barred Spirals, i.e., that they detect
more barred galaxies in the Sd and Sm category than they do for any other type.
It is therefore feasible that our infrared-selected sample could show the same peak
in bar fraction in these types, meaning we are most likely to see late types with
bars. Then, as found by Elmegreen, Elmegreen & Hirst, the late type bar fraction
drops as one looks at increasingly face-on galaxies - as we have also found. For
the time-being, however, we shall proceed with the caveat that we may be biased
towards later-type Barred Spirals, and at the end of this Chapter we propose an
extension of this work that would further explore this potential bias.
For the forthcoming work in this chapter, we cut the sample to galaxies with
an axial ratio of ≥0.5, which ensures a suﬃciently low inclination as to be certain
of the presence - or lack - of a bar. This cut removes approximately 50% of the
Spirals, as expected (as long as one doesn’t care about the presence of a bar, the
classic thin disk proﬁle of a Spiral can be identiﬁed from almost any viewing angle;
e.g. Binney & Merriﬁeld 1998). The cut removes fewer Barred Spirals: only 25%.
Since a bar had to be visualised in order to classify the galaxy as a Barred Spiral,
it is expected that we should not have as many Barred Spirals at high inclinations.
Overall, enforcing an axial ratio of at least 50% results in a sample of 1,614 Spirals
and 363 Barred Spirals. This corresponds to a bar fraction of 18.4%. We further
restrict our sample to galaxies with both GALEX UV photometry, OSSY measure-
ments (to identify BLAGN) and reliable MAGPHYS ﬁts, leaving 632 Spirals and
151 Barred Spirals (bar fraction = 19.3%). The lack of change in the bar fraction
when requiring UV detection would suggest that approximately equal proportions of
the Barred Spiral and Spiral populations drop out due to high levels of obscuration
when we select in the UV.
The bar fraction in our sample is signiﬁcantly lower than for optically-selected
samples. For example, Oh et al. (2012) use an SDSS-selected sample of low-
inclination Barred Spirals at 0.01<z<0.05 and with Mr <-19 and ﬁnd a bar fraction
of 36%; typical for optical studies. Within this redshift range and with the same
magnitude cut, we ﬁnd a slightly increased bar fraction of 20%, but the diﬀerence is
still large, suggesting we are biased against ﬁnding bars relative to optically-selected
samples. This implies either that our infrared selection is missing considerable num-
bers of optical bars, or that it is detecting an elevated number of unbarred Spirals.
The latter would appear to be the most likely: we are biased towards including
highly obscured (red) Spirals that may be left out in an optical selection. As we saw
in the previous Chapter, the peak of the Spiral CMD sits in the red sequence but
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Figure 3.2: The variation in bar fraction with redshift.
dereddening reveals they are in fact obscured blue cloud galaxies, and therefore are
highly starforming and more likely to be picked up by infrared selection rather than
in the optical. Additionally, due to the poor image quality of many of the SDSS
images of our galaxies, we are biased towards strongly-barred galaxies.
In Figure 3.2 we show that the bar fraction does not appear to change sig-
niﬁcantly with redshift for our sample. The fraction varies between 15-25% out to
z∼0.14. It then appears to peak, although we caution that at z>0.14 we have fewer
than ten galaxies in total per bin and as such these results are likely unreliable.
However, at least out to z=0.14 (and we note that 93% of Barred Spirals and 95%
of Unbarred Spirals lie below this redshift), the bar fraction does not appear to
follow any trend with redshift. Whether bar fraction does change over large redshift
ranges is controversial: Elmegreen, Elmegreen & Hirst (2004) ﬁnd that bar fraction
does not increase out to z=1, while Sheth et al. (2008) ﬁnd a rapid reduction in
bar fraction between 0.2<z<0.8 and Melvin et al. (2014) use Galaxy Zoo to ﬁnd a
halving in the bar fraction between 0.4<z<1. Sheth et al. and Melvin et al. both
ﬁnd that the evolution is strongest in the most massive galaxies, suggesting that
high-mass disks have grown bars since z=1 (consistent with the Kraljic et al. (2012)
proposal that the ﬁrst era of signiﬁcant bar formation occurred at 0.8<z<1).
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Figure 3.3: The Stellar Mass distributions of Spirals and Barred Spirals.
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3.2 Stellar Mass
Spirals and Barred Spirals within the M-IIFSCz have stellar mass distributions de-
rived from MAGPHYS that are relatively similar (Figure 3.3): a K-S test yields a
p-value of 0.776, suggesting that both distributions are drawn from the same par-
ent population. Barred Spirals peak at slightly higher stellar masses, with a mean
of 1.84±0.19×1010M⊙ compared with 1.80±0.08×10
10M⊙ for Spirals, but the dif-
ference is not statistically signiﬁcant. This implies that the presence of a bar is
uncorrelated with stellar mass overall. However, previous work has shown that the
bar fraction in Spiral galaxies has a bimodal distribution with respect to stellar
mass, peaking at both low and high stellar masses, and being least common at in-
termediate stellar masses (∼1010.2M⊙; Nair & Abraham 2010). Such bimodality is
not unique in optical studies; it is observed in other galaxy properties, such as colour
(the typical red - blue dichotomy in the CMD): indeed, the reported trough in bar
fraction at medium stellar mass is thought to correspond to the break between the
red sequence and blue cloud (e.g. Tojeiro et al. 2013). We recall that in the previous
chapter we saw no such dichotomy in the CMD for the M-IIFSCz. We explore the
bar fraction for our sample as a function of stellar mass by creating 0.2 dex bins
spanning the bulk of our stellar mass range: 108.5 M⊙ - 10
11 M⊙. In each bin we
calculate the bar fraction, and the results are shown in Figure 3.4. Again, we do not
see a bimodal distribution, neither do we see evidence of the trough at ≈1010.2 M⊙
reported by Nair & Abraham (2010). There is an apparent trough at lower stellar
masses (∼109.5M⊙) but this feature is not statistically signiﬁcant (within 3 σ).
3.3 Stellar Velocity Dispersions
The stellar velocity dispersion within a galaxy depends on the bulge mass, and as
such, the M-σ relation (e.g. Magorrian et al. 1998) is able to relate the mass of the
central supermassive black hole to the mass of the bulge in which it lives.
A K-S test shows that the stellar velocity dispersion distribution for our Barred
Spirals is statistically inconsistent with that of Spirals (Figure 3.5; p=0.003). This
result was also brieﬂy noted by Oh et al. (2012), for their sample of SDSS-selected
Barred Spirals. Such a diﬀerence means that stellar kinematics are markedly diﬀer-
ent in the presence of a bar. Graham (2008a) wrote:
Bar instabilities are believed to lead to the formation of pseudobulges.
Such evolution may have resulted in (pseudo)bulges with an increased
velocity dispersion and luminosity but a relatively anemic SMBH.
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Figure 3.4: The variation in the bar fraction with stellar mass.
We test to see whether the velocity dispersion distribution of Barred Spirals is
therefore similar to that of Ellipticals, but again the distributions are stastically
inconsistent according to the K-S test (p=0.000), suggesting that a bar does not
behave as a canonical Elliptical-type bulge.
Applying the standard M-σ relation for Spiral galaxies to Barred Spirals would
imply that their black hole mass distribution peaks at higher values than that of
non-barred Spirals, since their velocity dispersion distribution peaks at higher val-
ues. It may well be that the diﬀerences in stellar kinematics due to the presence of
the bar means that the M-σ relation does not hold in the presence of a bar, and thus
one cannot apply the standard M-σ relation for Spirals to a sample of disk galaxies
unless it is known whether or not they have a bar: in other words, there is a dif-
ferent M-σ relation for Barred Spirals. Through numerical simulations, Hartmann
et al. (2014) have indeed predicted a M-σ relation for Barred Spirals that diﬀers
from that for normal Spirals (and which also has more scatter than for unbarred
galaxies). Recent observational studies in the literature on very small samples of
Barred Galaxies have shown tenative support for a diﬀering M-σ relation (e.g. Gra-
ham 2008, Graham et al. 2011).
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Figure 3.5: The velocity dispersion distributions of Spirals (red) and Barred
Spirals (blue).
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3.4 Star Formation & AGN Activity
We saw in the previous chapter that BPT analysis shows that a slightly greater
fraction of Spirals compared with Barred Spiral are dominated by star formation
activity (37% compared with 30%, respectively). Also, we see AGN activity in a
much higher fraction of the Barred Spiral sample (40%) than the normal Spiral
sample (23%), while a much higher fraction of the Spiral sample (31%) is quiescent
compared with the Barred Spiral sample (18%). Here we shall further explore the
star formation and AGN properties of both Spiral types.
We compare the speciﬁc star formation rate distributions of both Spirals and
Barred Spirals in Figure 3.6. As explained in the previous Chapter, we take SFRs
from MAGPHYS. The distributions are similar, with the main diﬀerence being that
the distribution for normal Spirals exhibits a sharper peak than that for Barred
Spirals. A K-S test suggests that they are drawn from the same parent population
(p=0.305). The peak in SSFR is slightly higher for Barred Spirals than for Spirals
(1.40±0.17×10−9/yr compared with 1.26±0.07×10−9/yr, although the diﬀerence is
not statistically signiﬁcant.
We shall now investigate whether various physical properties of Barred Spirals
and Spirals diﬀer when we separate out galaxies according to whether or not they
host an AGN. In the previous Chapter, we saw that the stellar mass distribution
in Barred Spirals peaks at the same value (≈1010 M⊙) regardless of whether or not
an AGN is present, while unbarred Spirals containing an AGN have a stellar mass
distribution that peaks at a slightly lower value (≈109.75 M⊙) than those without
an AGN (≈1010 M⊙). We here quantify the AGN fraction in both Barred and Un-
barred Spirals at both high and low stellar mass (with the split at approximately the
mid-range of the two distributions; 109.75 M⊙). This yields the results in Table 3.1.
We note that for simplicity we exclude Transition Objects, due to their uncertain
and mixed SF/AGN nature.
These results show that AGN are ∼10% more common in lower-mass Barred
Spirals, but in Unbarred Spirals, the AGN fraction is similar in both the high and
low mass bins. However, at both high and low stellar masses, the AGN fraction
in Barred Spirals is over double that for normal Spirals. Comparatively, Oh et al.
(2012) ﬁnd that the AGN fraction of both Spiral types increases signiﬁcantly from
low to high stellar mass, and they also ﬁnd that the AGN fraction increases rather
than decreases as one looks from low to high mass galaxies. However, the stellar
mass range of the Oh et al. sample is skewed towards signiﬁcantly higher values than
ours, such that their lowest mass bin is centred at our mid-range cut (109.75 M⊙).
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Figure 3.6: The distributions of Speciﬁc Star Formation Rates for Spirals (red)
and Barred Spirals (blue).
Stellar Mass bin Morphology AGN fraction (%)
Low Barred 51
Low Unbarred 22
High Barred 41
High Unbarred 24
Table 3.1: [
The AGN Fraction at low and high Stellar Mass, for both Barred and Unbarred Spi-
rals]The AGN Fraction at low and high Stellar Mass, for both Barred and Unbarred
Spirals. For simplicity we exclude Transition Objects, due to their uncertain and
mixed SF/AGN nature.
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In terms of interpreting our results, Aird et al. (2012) show, for a sample of 25,000
galaxies, that AGN incidence is not dependent on stellar mass globally. This would
explain our roughly constant AGN fraction for Spirals, and would suggest that the
diﬀerence in AGN fraction between high and low mass Barred Spirals is driven by
some third factor: Nair & Abraham (2010) suggest that bars in lower mass galaxies
may fundamentally diﬀer from those in their higher mass counterparts.
We ﬁrstly examine how AGN fraction varies in Spirals and Barred Spirals as the
speciﬁc SFR varies. We divide each morphological type into ﬁve SSFR bins of 0.5
dex width, centred on 10−10.25/yr, 10−9.75/yr, 10−9.25/yr, 10−8.75/yr and 10−8.25/yr,
and in each bin we plot the AGN fraction. The results are displayed in Figure 3.7,
and there are no clear trends, with the AGN fraction for both Barred and Unbarred
Spirals varying considerably across the range of SSFR. For Unbarred Spirals, the
AGN fraction is consistently 10-20%, only rising to 30% in the middle SSFR bin.
For Barred Spirals, the AGN fraction varies more strongly, ranging from 20-50%,
peaking in the lowest SSFR bin but then dropping to the lowest value in the second-
lowest bin. At no SSFR does the AGN fraction for normal Spirals exceed that for
Barred Spirals. Overall, these results suggest that the presence of an AGN does not
correlate with increased SSFR in either Barred or Unbarred Spirals. Nonetheless, a
useful future study would be to determine the AGN luminosity of the AGN in our
two samples, and to test whether there is any correlation between AGN luminosity
and SSFR, as although they are clearly correlated over large timescales, the question
of whether there is a direct, “instantaneous” relation between AGN and star for-
mation activity is controversial: Chen et al. (2013) ﬁnd an “almost linear” relation
between black hole accretion rate (for which luminosity is a proxy) and SFR for
1,767 FIR-selected galaxies, while Azadi et al. (2014) ﬁnd no trend between stellar
mass or SFR and X-ray luminosity for 308 AGN at 0.2<1.2.
We now re-visit the Colour Magnitude Diagram, which we explored in the
previous Chapter, and we examine how the presence of an AGN aﬀects the position
on the CMD both before and after correcting for attenuation in the host galaxy.
In both cases, as before, the magnitudes have been k-corrected and also corrected
for attenuation within our own galaxy. Figure 3.8 shows the observed CMD (not
corrected for dust attenuation in the host galaxy) for both types of Spiral, split by
AGN activity. Barred Spirals containing AGN peak on the red sequence. Without
AGN, they still peak on the red sequence but the peak shows a shallow tail into
the green valley, consistent with a scenario where AGN shift their hosts out of the
green valley and into the red sequence (hence some galaxies without an AGN extend
to bluer colours; they have not yet been quenched). Conversely, Spirals with AGN
3
.4
S
ta
r
F
o
rm
a
tio
n
&
A
G
N
A
ctiv
ity
121
Figure 3.7: The variation in AGN fraction with speciﬁc SFR for Spirals (red) and Barred Spirals (blue).
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have a bimodal distribution, with one peak on the red sequence and one in the blue
cloud. Spirals without AGN lie in between, in the green valley. This is the ﬁrst time
we have seen a bimodal distribution in the CMD for the M-IIFSCz, and it is only
present when we single out the AGN. However, although the CMD peaks bimodally,
the green valley is certainly also still populated by these AGN. This could then tie
in with the results of Nandra et al. (2007), who ﬁnd that X-ray selected AGN - all
of which are typically low-luminosity or obscured - span the CMD from the top of
the blue cloud to the red sequence, suggesting that we may be tracing a continuous
population of AGN that are moving their host galaxy from the blue cloud to the
red sequence via a reasonably mild form quenching such as preventing the infall of
cold gas or restricting gas cooling.
Figure 3.9 then shows the same CMDs after correcting for reddening eﬀects
within the host galaxies, and for both types of Spiral they now peak in the green
valley, regardless of whether there is an AGN present - this is again consistent with
the Nandra et al. (2007) scenario, whereby these AGN are typically all of a similar
type (or luminosity), and are moving their hosts redward through the green valley.
The peak for Barred Spirals is skewed slightly towards the blue cloud where an
AGN is present, or towards the red sequence in the absence of an AGN. This could
be explained by AGN activating in blue-cloud galaxies, shifting them across to the
red sequence through quenching and then switching oﬀ. Non-barred Spirals show
the opposite trend, with the peak in their CMD slightly skewed towards the blue
cloud in the absence of an AGN and towards the red sequence where there is an
AGN present. This may suggest the link between AGN and star formation is less
tight without a bar (since a bar will fuel both simultaneously), such that blue-cloud
Spirals are less likely to have an AGN than blue-cloud Barred Spirals. Nandra et
al. (2007) suppose that the high incidence of red sequence AGN implies that AGN
activity can contiue even after star formation has ceased. Ultimately, however, the
diﬀerences between Barred Spirals and Spirals are small in the dereddened CMDs:
they both can exist in the green valley with or without AGN.
We now examine the bar fraction for diﬀerent subtypes of AGN: LINER, Seyfert,
LINER/Seyfert and BLAGN. The breakdown is shown in Table 3.2. The bar frac-
tion for all types of AGN is ∼30-50%, which is 10-30% higher than the bar fraction
for the full sample (19%), further reinforcing our ﬁndings in the previous Chapter
that Barred Spirals are more likely to host an AGN than unbarred Spirals. The
average total AGN fraction in Barred Spirals is ≈41%. Coelho & Gadotti (2011)
study SDSS-selected Spirals and Barred Spirals and ﬁnd that 106/251 Barred Spi-
rals host AGN, while 81/324 Unbarred Spirals host AGN, corresponding to a bar
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123Figure 3.8: CMDs, clockwise from top left: Barred Spirals with AGN, Spirals with AGN, Barred Spirals without AGN, Spirals
without AGN. The overplotted blue and red lines are the empirical blue and red sequences, respectively, from Salim et al. (2007).
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Figure 3.9: De-reddened CMDs, clockwise from top left: Barred Spirals with AGN, Spirals with AGN, Barred Spirals without
AGN, Spirals without AGN. The overplotted blue and red lines are the empirical blue and red sequences, respectively, from Salim
et al. (2007).
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AGN type Number of Barred Spirals Number of Spirals Bar Fraction (%)
LINER 26 57 31
Seyfert 9 18 50
LINER/Seyfert 21 50 42
BLAGN 4 10 40
Table 3.2: Bar Fraction for diﬀerent AGN subtypes.
fraction of 57% for their AGN.
In terms of the AGN fraction in Barred Spirals, for axial ratios greater than
0.4, and for g<16.5, Alonso, Coldwell & Lambas (2012) found an AGN fraction
of 28.5% for their SDSS-selected sample of Galaxy Zoo-classiﬁed Barred Spirals at
z<0.1. With the same cuts applied to our sample, we ﬁnd a slightly higher AGN
fraction than that we found above: 43% (compared with 23% for normal Spirals),
still signiﬁcantly higher than that seen by Alonso, Coldwell & Lambas (2013). A
similar study, Oh et al. (2012), ﬁnd AGN fractions in Barred and Unbarred Spirals
of 29.5% and 16.2% respectively, lower than the values we have found. Coelho &
Gadotti (2011) ﬁnd an AGN fraction of 30% for their Barred Spirals and 20% for
their Unbarred Spirals. We note that Alonso, Coldwell & Lambas and Oh et al. may
have misclassiﬁed broad line objects as quiescent galaxies in their BPT analysis (as
we showed can happen in the previous Chapter), while Coelho & Gadotti exclude
broad line AGN entirely, both of which will reduce their reported AGN fractions,
although these eﬀects alone would likely not account for the diﬀerence between their
results and ours. It may be that with our IR selection we are predisposed to select
dusty tori, and it is possible that because the M-IIFSCz is more starforming than
an optically-selected sample such as the SDSS, we are biased towards higher AGN
fractions (since, globally, they are linked).
We shall now examine whether the apparent abundance of AGN in Barred Spi-
rals relative to normal Spirals is being inﬂuenced by some observational variable.
Since AGN are more common in Barred Spirals, we will begin by focusing on a
variable that has been previously found to correlate with bar fraction: g-r colour
(e.g. Masters et al. 2010, Masters et al. 2011). Masters et al. (2011) have studied a
sample of over 13,000 disk galaxies from Galaxy Zoo 2, providing a large, statistical
sample for comparing optically-selected Barred Spirals with those selected in the
infrared. In order to create a fair comparison, we restrict our sample to a redshift
range of 0.01<z<0.06 and a magnitude cut of Mr<-19.38, as Masters et al. have
done. They have also made essentially the same cut as we have in terms of incli-
nation; theirs being log(a/b) ≤ 0.3, which is approximately equivalent to an axial
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Figure 3.10: The variation in bar fraction with g-r colour.
ratio above 0.5. With such a cut, Masters et al. ﬁnd a bar fraction of ∼29.5%,
approximately 10% above ours (19.1%). This is the same discrepancy we saw at the
beginning of this Chapter in comparison with other optical studies.
The bar fraction varies signiﬁcantly with g-r colour in the Masters et al. sample,
and we perform the same analysis for comparison. The results are shown in Figure
3.10, and despite the discrepancy in the overall bar fraction between our sample and
theirs, the trend is very similar to that seen in Masters et al. (and a similar result
is also seen in Nair & Abraham 2010), with a low bar fraction at g-r≈0.4 increasing
to a peak at redder colours; g-r≈0.8, where over half of all Spirals in our sample
are barred. This ﬁnding that the bar fraction increases as one looks towards redder
galaxies is consistent with the results we showed in the previous Chapter, where
we found that the CMD of Barred Spirals peaks at redder NUV-r colours than the
CMD of normal Spirals.
We now probe how the AGN fraction varies with g-r colour, split by whether
or not a bar is present. The results are shown in Figure 3.11, and it becomes clear
that both Spirals and Barred Spirals experience a very similar trend in increasing
AGN fraction with g-r colour. (We note the apparent dip in the Barred Spiral AGN
fraction at g-r≈0.8 is likely unreliable as there are only 10 objects in this bin.) The
similar trends imply that the observed abundance of AGN in Barred Spirals arises
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Figure 3.11: The variation in AGN fraction with g-r colour for Spirals (solid
line) and Barred Spirals (dashed line).
from their having typically redder g-r colours, and for ﬁxed g-r colour the AGN
fractions in Spirals and Barred Spirals do not appear to diﬀer signiﬁcantly.
3.5 Conclusions & Future Work
We ﬁnd, in agreement with optical studies, that IR-selected Barred Spirals are typi-
cally redder than normal Spirals. Our key result is that both the AGN fraction and
the bar fraction increase as one looks towards redder galaxies. The question that
must now be answered is why Barred Spirals are redder than normal Spirals both
before and after correcting for dust attenuation in the host galaxy. There are two
distinct processes that could be at play: ﬁrstly, the presence of an AGN is known
to redden galaxies (e.g. Springel et al. 2005), so it is feasible that there is an in-
herently higher AGN fraction in Barred Spirals (due to fuelling via the bar), which
is what causes the g-r colour diﬀerence from normal Spirals. Secondly, there is the
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possibility that the g-r colour is due to non-AGN processes. Masters et al. (2012)
have mapped the HI content in Spirals and have found that those with bars typically
have signiﬁcantly lower gas masses, consistent with the simulation-based prediction
by Athanassoula et al. (2013) that bars in gas-rich galaxies form much more slowly,
and hence later, than those in gas-poor galaxies. The less gas a galaxy has, the fewer
stars it can make and the redder it will become. However, the evolutionary sequence
is still uncertain: do Spirals form bars when the gas depletes below some level, or
does the presence of a bar cause the gas to be used up more rapidly through star
formation and AGN activity, resulting in the typically-lower gas masses? In other
words, does the lack of gas cause the bar or does the bar cause the lack of gas?
(The latter could work in combination with a bar-fuelled AGN causing reddening.)
There is one third option: does some external, environmental inﬂuence cause both
a bar and a depletion in gas? In galaxy groups, both are possible: gravitational
interaction could trigger an instability that causes a bar, while strangulation could
choke the galaxy of its gas. As Masters et al. (2012) discuss, their observations are
consistent with all three scenarios: in other words, we currently cannot distinguish
the true evolutionary sequence of Barred Spirals. As an additional complication,
the picture may be diﬀerent at high redshift: Matsui et al. (2013) ﬁnd that Barred
Spirals at z∼0.1-0.2 have higher gas fractions than their local counterparts. It is
likely that these questions will need to be answered through numerical simulations,
since observations cannot distinguish between the various possibilities.
The bar fraction in the M-IIFSCz is signiﬁcantly lower than that seen in
optically-selected samples, and we do not ﬁnd a clear dependence of the bar fraction
on stellar mass, which again is seen in optical studies. There is also no apparent
relation between star formation activity and the presence of an AGN. However, we
ﬁnd that the AGN fraction is approximately twice as high in the presence of a bar.
The incidence of AGN activity in our sample is much higher than that in optical
studies, for both Spiral types, but the bar fraction in AGN is lower in our sample
than in optical studies. We see the AGN fraction to be independent of stellar mass
in normal Spirals, but low mass Barred Spirals are more likely to host an AGN than
their high mass counterparts.
3.5.1 Selection Effects
Finally, we consider the eﬀects of our requirement of a minimum FIR ﬂux for the
selection of galaxies for our M-IIFSCz catalogue. By requiring this, we are biased
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towards more obscured, dusty galaxies, which may therefore be pre-disposed to
higher rates of star formation than an optically-selected sample.
This is likely to have had a particularly signiﬁcant impact on this comparison
of Spirals and Barred Spirals. Our observation that FIR-selected Barred Spirals
have a higher AGN fraction than FIR-selected Spirals across all Stellar Masses may
not imply that there is a fundamental diﬀerence in AGN fraction between these two
populations; instead, it may mean that our selection of Barred Spirals is biasing
us towards those with an AGN at every Stellar Mass. Barred Spirals without an
AGN, which are otherwise similar to our Barred Spirals which do have an AGN, may
be too faint to meet the FIR ﬂux requirements of the M-IIFSCz. Hypothetically,
this would mean that from an otherwise identical pair of galaxies, we would have
preferentially selected the one that does have an active nucleus, which is elevating
its emission above the detection threshold.
In order to assess the signiﬁcance of this potential bias, one should identify a
control sample of Barred Spiral galaxies without AGN from SDSS only, with the
same redshift and stellar mass distribution as our AGN hosts, and then compare
their FIR emission with ours. If the presence of an AGN systematically increases the
FIR ﬂux, this eﬀect can be quantiﬁed, and it would be possible to identify a sample
of Barred Spirals which, had they contained an AGN, would have been included
in the M-IIFSCz. For fairness, the same should be done for non-barred Spirals, as
this eﬀect will be present albeit to a lesser extent. The new samples of both Spirals
and Barred Spirals that ”would have been” selected if they had an AGN could be
combined with the existing M-IIFSCz samples, and then the comparisons in this
Chapter could be repeated to reliably assess and correct for our bias towards Barred
Spirals with AGN.
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Chapter 4
Ultra- and Hyper-Luminous Infra
Red Galaxies in IRAS
4.1 Introduction
The most infrared-luminous galaxies are, by deﬁnition, the most obscured but also
some of the most active. The infrared emission is being produced by a massive,
dust-enshrouded starburst. Such sources are, however, very rare (being situated in
the high-luminosity tail of the Luminosity Function), and large-scale surveys such
as that performed by IRAS - which surveyed 98% of the sky over 10 months in 1983
- are required to identify a representative sample.
Indeed, IRAS data have been used to great eﬀect at low redshifts, and many lo-
cal Ultra- and Hyper-Luminous Infrared Galaxies (ULIRGs and HLIRGs; introduced
in Chapter 1) have been studied with a combination of IRAS and other telescopes
or surveys. Saunders et al. (1990) study the 60 µm luminosity function of a sample
of 17,664 IRAS galaxies selected with (at least) moderate quality ﬂuxes of ≥ 0.5
mJy at 60 µm, so as to minimise contamination from stars and cirrus. They then
crossmatch with nine diﬀerent surveys to restrict only to galaxies with measured
redshifts, which leaves a sample of 2,818 galaxies. The luminosity function they
derive is very ﬂat at low luminosities and falls oﬀ rapidly (with a Gaussian depen-
dence on the logarithm of the 60 µm luminosity) at higher luminosities. In other
words, there are much larger numbers of low-luminosity galaxies than high luminos-
ity galaxies, and the highest luminosity galaxies are extremely rare. Saunders et al.
(1990) also derive a strong evolution in this luminosity function with redshift, with
the luminosity being proportional to (1+z)3±1 for one of the nine surveys studied
(the QMC-Cambridge-Durham survey; Lawrence et al. 1989). Higher luminosity
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galaxies therefore become increasingly common at higher redshifts. Conversely, in
the Local universe, they are much rarer than they were in the early Universe.
Kim et al. (1995) spectroscopically surveyed 200 IRAS galaxies, obtaining long-
slit spectra from 3,750-8,000 A˚ with a 10 A˚ resolution for all. A follow-up paper
(Veilleux et al. 1995) details the scientiﬁc results for 23 sources with both nuclear
and circumnuclear measurements. In particular, the nuclear spectra indicated HII
regions (Hydrogen gas ionised by UV radiation from young stars) and AGN activ-
ity. Most of the AGN activity was classiﬁed as being of the Low-Ionisation Nuclear
Emission Region (LINER) class, implying low-luminosity AGN. Veilleux et al. also
uncovered an increasing incidence of AGN activity as infrared luminosity increases
(see also Lutz et al. 1998, Koss et al. 2013). Veilleux et al. observed broader OIII
lines in the AGN type nuclei compared to the HII region type nuclei, which suggests
that many of these sources are experiencing winds that are driven by the central
engine and that clear the nuclear region of obscuring gas and dust.
The majority of ULIRGs are thought to be merger-driven systems, as found by
Clements et al. (1996), who detected clear tidal features in the optical images of
51/56 IRAS-selected ULIRGS out to z∼4. The remaining ﬁve have close compan-
ions, potentially suggesting an imminent merger or a ﬂy-by. Mergers - and even less
catastrophic interactions such as ﬂy-bys - are now widely accepted to be triggers
of both AGN and starburst activity, so the discovery of morphological disturbances
(i.e., evidence of recent interaction) in highly luminous IR galaxies should be no
surprise.
Therefore, the physical processes driving low-redshift ULIRGs and HLIRGs is
clear: they are rare and have a high incidence of AGN activity and galaxy-galaxy
interaction. At higher redshifts, however, they have not been intensively studied.
However, they are clearly an increasingly prevalent group of sources as we go to
higher and higher redshifts. The steep increase in luminosity with redshift as found
by Saunders et al. means that we expect a dramatic increase in such sources for
each step in redshift. Early IRAS data provided some tantalising evidence of this:
Rowan-Robinson et al. (1991) performed a spectroscopic follow-up of the source
IRAS F10214+4724 which revealed that this galaxy is at z=2.286 and has a far-
infrared luminosity of 1013.83L⊙. While this was only the ﬁrst step towards a popu-
lation study of high-redshift U/HLIRGs, the discovery of IRAS F10214+4724 proved
that such galaxies do indeed exist - and could be found - at high redshifts.
More recently, another important step forward in looking to higher-redshift
ULIRGs and HLIRGs was made in the form of the Imperial IRAS-FSC Redshift
Catalogue (IIFSCz; Wang Rowan-Robinson 2009). This catalogue is a compila-
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tion of available optical and near-infrared identiﬁcations and photometry, as well
as available photometric and spectroscopic redshifts, for 60 µm sources from the
IRAS Faint Source Catalogue (FSC; Moshir et al. 1990). Because this catalogue
includes faint sources down to a ﬂux limit of 0.2 Jy, the catalogue incorporates
luminous high-redshift sources which appear faint because of their great distance
from us. Indeed, almost 1,000 sources from the ∼60,000 in the IIFSCz catalogue
have far-infrared luminosities above 1012.5 L⊙, i.e. in the upper luminosity range of
ULIRGs or above. This catalogue is therefore a promising tool for studying such
sources across a broader redshift range. HLIRGs from the IIFSCz are studied more
explicitly in Rowan-Robinson & Wang (2010), and it is found that for these sources
there is an even stronger evolution in luminosity than for the IIFSCz as a whole,
and the evolution is also stronger than that found at lower redshifts by Saunders et
al.: luminosity L evolves with look-back time t as:
L(z) ∝ exp(3t). (4.1)
However, to date, studies with the IIFSCz largely depend on photometric red-
shifts derived from ﬁtting templates to galaxy SEDs, the reliability of which has
not been veriﬁed for the highest luminosity sources. Only 200/850 of the highest-
luminosity IRAS sources in extragalactic ﬁelds have spectroscopic redshifts. In order
to properly constrain their luminosity function, we clearly must have correct red-
shifts for these sources as otherwise we mis-calculate their luminosities. Accurate
luminosities are also required to determine whether the increasing AGN fraction
with increasing IR luminosity found locally by Veilleux et al. (1995) is also seen at
high redshifts. For the highest luminosity sources in IRAS, Rowan-Robinson (2000)
ﬁnds that 50% harbour an AGN by performing SED ﬁts with a library of galaxy and
AGN templates, which suggests that AGN are still important at higher redshifts.
However, without reliable luminosities, it is not possible to accurately determine
whether the AGN fraction increases with IR luminosity for high redshift sources
from the IIFSCz.
4.2 Our sample
In order to tackle the deﬁcit of spectroscopic redshifts for this rare but plainly im-
portant class of sources, an ESO proposal was submitted (PI: D L Clements) which
requested observing time to obtain VLT FORS2 long-slit spectra, from 6,000 A˚ to
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Figure 4.1: Our U/HLIRG with only one clear emission line in its VLT FORS2
spectrum: UL002. The line is identiﬁed with a purple arrow. We assume Hα, with
the usual “conﬁrming” lines of the SII doublet at 6716 A˚ and 6736 A˚ presumably
buried in the sky lines immediately longwards of the Hα line.
approximately 10,500 A˚ (the atmospheric cut-oﬀ), for 299 IRAS-selected U/HLIRGs
without spectroscopic redshifts. The proposed sources therefore correspond to al-
most half of the 650 highest-luminosity IRAS sources which have only photometric
redshifts.
Suﬃcient observing time was granted to obtain spectra for half (149) of the
sources, although the observing conditions were poor. Because of this inclement
weather, many of the resulting spectra have very low signal-to-noise and no spec-
tral features are visible. However, for 46 sources - approximately one in three - we
were able to identify one or more emission or absorption lines in the spectra. These
sources are listed in Table 4.1.
Our aim was therefore to derive spectroscopic redshifts for these 46 U/HLIRGs,
and to compare the results with the estimated photometric redshifts from the IIF-
SCz catalogue, which will determine if their estimated far-infrared luminosities are
correct or need updating. If this is the case, the luminosities will be amended and
the qualitative implications of the new luminosities in terms of the low-redshift in-
frared luminosity function will be explored.
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Name IRAS ID RA Dec
UL002 F07473+1759 117.5717468262 17.8637008667
UL033 F09027+0326 136.3409118652 3.2367799282
UL042 F09187+1318 140.3731842041 13.0995197296
UL044 F09252+0743 141.9674835205 7.5041899681
UL053 F09369+0004 144.8657989502 -0.1534000039
UL069 F10117-0234 153.570602417 -2.8213999271
UL076 F10213+0201 155.9832305908 1.7621699572
UL091 F14213+2054 215.9221496582 20.6771602631
UL092 F11224-0045 171.2481994629 -1.034610033
UL122 F12179+0257 185.1172790527 2.6804299355
UL128 F12373+0958 189.9666442871 9.6984195709
UL129 F12388+0720 190.3407287598 7.0796098709
UL141 F12517-0123 193.5958557129 -1.6591900587
UL182 F14126+1440 213.7785949707 14.4397802353
UL184 F14143+1244 214.1826171875 12.5043096542
UL187 F14198+0915 215.5820617676 9.0279598236
UL192 F14225+1044 216.2530517578 10.5121002197
UL199 F14420+0724 221.1525268555 7.2012200356
UL200 F14424+1050 221.2097015381 10.6313199997
UL205 F14481+0452 222.6405944824 4.6647400856
UL206 F14490+0726 222.8789215088 7.2311501503
UL215 F15048+0234 226.8450164795 2.3801000118
UL217 F15112+0352 228.4329681396 3.6850600243
UL224 F15286+2245 232.6949920654 22.5949497223
UL228 F15358+1738 234.5336761475 17.4707698822
UL231 F15389+1502 235.315246582 14.8935003281
UL232 F15399+0740 235.5858612061 7.5084300041
UL235 F15463+0425 237.2024688721 4.2768602371
UL236 F15482-0152 237.7003936768 -2.0155699253
UL241 F15532+1447 238.9081115723 14.6515703201
UL248 F16003+1006 240.6865234375 9.9799995422
UL251 F16010+2224 240.8012695313 22.2712802887
UL254 F16025+2345 241.1614532471 23.633649826
UL256 F16048+2100 241.7459716797 20.8680591583
UL258 F16061+2229 242.0759277344 22.367099762
UL261 F16078+1409 242.5536499023 14.0234498978
UL262 F16122+1531 243.6321716309 15.4060897827
UL263 F16129+0704 243.8496246338 6.9550900459
UL264 F16134+0849 243.9720458984 8.7061195374
UL266 F16194+0036 245.5059204102 0.4921799898
UL268 F16213+2121 245.8761901855 21.2378005981
UL269 F16222+2442 246.0913238525 24.599729538
UL270 F16238+0628 246.5594329834 6.3571000099
UL275 F16363+1104 249.6852722168 10.976559639
UL278 F17000+1850 255.556350708 18.7639198303
UL285 F20473-0619 312.5053405762 -6.1375198364
Table 4.1: Our sample of 46 U/HLIRGs, selected from the IIFSCz catalogue
(Wang & Rowan-Robinson 2009).
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4.3 Extraction of spectroscopic redshifts
Within the sample of 46 sources with visible spectral lines, there is a clear range in
reliability in terms of being able to identify these lines. Primarily, these spectra are
entirely comprised of emission rather than absorption, with one exception: UL275
appears to have a HeIλ5876 absorption line, which is a feature commonly seen in the
optical spectra of high-mass (O, B, A) stars (Walborn & Fitzpatrick 1990). Balmer
absorption lines are also typically seen in the spectra of such stars, but in these
U/HLIRGs there are also strong nebular emission lines at the Balmer transition
wavelengths, which mask any absorption features.
The lines detected in each U/HLIRG’s spectrum are displayed in Table 4.2.
There are usually multiple emission lines visible, but for UL002 there is only one clear
line, which is impossible to identify with conﬁdence because there are atmospheric
absorption features at the location(s) where we would expect to see other emission
lines nearby. The spectrum for this source is shown in Figure 4.1. Other sources have
varying numbers of identiﬁable emission lines. We therefore introduced a reliability
ﬂag for the spectroscopic redshifts derived for these 46 sources, based on the number
of lines which identify and/or conﬁrm each redshift. In all cases we count doublets
as one line. The ﬂag is as follows:
• 1: High reliablity. At least two lines with SNR≥3 have been identiﬁed.
• 2: Medium reliability. At least two lines have been identiﬁed, but only one
line has SNR≥3.
• 3: Low reliability. At least two lines have been identiﬁed, but neither has
SNR≥3. Alternatively, only one line has been identiﬁed but it has SNR≥3.
• 4: Uncertain. Only one doublet has been identiﬁed, but without SNR≥3.
We note that the SNR was measured as the ratio of the peak height of the emission
line to the RMS value of the noise in the continuum immediately adjacent to, but
not including, the line.
The redshift determined for each of the 46 sources, as well as the reliability ﬂag
and the speciﬁc lines identiﬁed, are displayed in Table 1. Most of our U/HLIRGs
have reliable redshifts: 34 sources are graded “1”, ﬁve sources are graded “2”, six
sources are graded “3”, and one source is graded “4”. Examples are shown in Fig-
ures 4.2 and 4.3.
We also note that two U/HLIRGs from our sample have SDSS spectra and
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therefore spectroscopic redshifts. The ﬁrst source is UL275, for which SDSS mea-
sures a spectroscopic redshift of z=0.234068, consistent with our measurement of
z=0.233 (ﬂag=1). The second source is UL262, for which SDSS measures a spectro-
scopic redshift of z=0.307802, consistent with our measurement of z=0.308 (ﬂag=1).
4.4 Comparison of Photometric and Spectroscopic
Redshifts
4.4.1 Photometric Redshifts
The U/HLIRG sample we study here was speciﬁcally selected from the 20% of the
sources in the IIFSCz catalogue (Wang & Rowan-Robinson 2009) that have pho-
tometric redshifts, but do not have spectroscopic redshifts, thus providing an ideal
opportunity to test the eﬃcacy of photometric redshift estimators in producing ac-
curate redshifts for these rare sources.
Wang & Rowan-Robinson employ two diﬀerent techniques to estimate photo-
metric redshifts, which both incorporate photometry in the optical, near-infrared
and/or radio bands:
The Training Set Method
The training set method employs the Artificial Neural Networks (ANNz) code of
Firth, Lahav & Somerville (2003) and Collister & Lahav (2004).
Artiﬁcial neural networks attempt to recreate real neural networks that are seen
in biology, such as the human brain, which is comprised of a large number of neu-
rons which work in unison to process information and problem-solve. Advances in
computing in recent decades have allowed for the rapid development in the design
and implementation of artiﬁcial neural networks in various ﬁelds, and indeed, they
are well-suited to the challenge of assimiliating photometric data and extracting the
source redshift.
However, unlike a typical algorithm, they do not follow a pre-determined ap-
proach to a problem: just as the human brain requires various learning experiences
to build up the expertise to be able to correctly process and respond appropriately
to new information, artiﬁcial networks also require these learning experiences, a pro-
cess typically referred to as “training”. The artiﬁcial neural network code must be
introduced to a training set of data, which in the case we are considering would be
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Figure 4.2: The VLT FORS2 spectra for UL53 (grade 3) and UL184 (grade
1). UL53 shows one emission line with SNR≥3, presumed to be Hα (6563 A˚),
and may possibly also show the NII (6548, 6583 A˚) doublet, although the shorter
wavelength line is disrupted by sky line removal. The UL184 spectrum shows
multiple emission lines: the OIII (4959, 5007 A˚) doublet, the NII (6548, 6583 A˚)
doublet, Hα (6563 A˚), and the SII doublet (6716, 6731 A˚) which is blended in
this case.
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Figure 4.3: The VLT FORS2 spectra for UL182 (grade 1) and UL199 (grade 3)
respectively. The ﬁrst spectrum (UL182) shows the Hβ (4861 A˚) and OI (6300 A˚)
lines. The second spectrum (UL199) is assumed to show the SII doublet (6716,
6731 A˚) with the preceding Hα line presumably buried in sky noise.
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Name zspec Flag Notes Lines Identified
UL002 0.15 3 Hα[6563]
UL033 0.29 1 OIII[4959,5007], NII[6548,6583], Hα[6563], SII[6716,6731]
UL042 0.14 1 NII[6548,6583], Hα[6563], SII[6716,6731]
UL044 0.254 1 Hβ[4861], OIII[4959,5007], NII[6548,6583], Hα[6563], SII[6716,6731]
UL053 0.172 3 NII[6548,6583]?, Hα[6563]
UL069 0.2069 1 OIII[4959,5007], Hα[6563], SII[6716,6731]
UL076 0.184 2 NII[6548,6583], Hα[6563], SII[6716,6731]
UL091 0.213 3 SII[6716,6731]
UL092 0.26 1 OIII[4959]? NII[6548,6583], Hα[6563], SII[6716,6731]
UL122 0.304 1 OIII[5007], NII[6548,6583], Hα[6563], SII[6716,6731]
UL128 0.363 3 SII[6716,6731]
UL129 0.46 1 BLAGN Hγ[4340], Hβ[4861], OIII[4959,5007], OI[6300], FeX[6375], NII[6548,6583], Hα[6563]
UL141 0.214 1 OIII[4959,5007], NI[5199]?, Hα[6563]
UL182 0.28 1 Hβ[4861], OI[6300]
UL184 0.328 1 BLAGN NII[6548,6583], Hα[6563]
UL187 0.321 1 BLAGN NII[6548,6583], Hα[6563]
UL192 0.48 1 BLAGN NII[6548,6583], Hα[6563]
UL199 0.37 3 SII[6716,6731]
UL200 0.41 1 BLAGN OIII[5007], NII[6548,6583], Hα[6563], SII[6716,6731]
UL205 0.33 1 OIII[5007], NII[6548,6583], Hα[6563]
UL206 0.324 1 Hβ[4861], OIII[4959,5007], NII[6548,6583], Hα[6563]
UL215 0.481 1 Hβ[4861], OIII[4959,5007], HeI[5876], NII[6548,6583], Hα[6563]
UL217 0.352 1 Hβ[4861], OIII[4959,5007], NII[6548,6583], Hα[6563], SII[6716,6731]
UL224 0.174 2 NII[6548,6583], Hα[6563], SII[6716,6731]
UL228 0.427 1 Hβ[4861], OIII[4959,5007], NII[6548,6583], Hα[6563]
UL231 0.413 1 OIII[4959,5007], NII[6548,6583], Hα[6563]
UL232 0.515 1 Hγ[4340], Hβ[4861], OIII[4959,5007]
UL235 0.23 4 SII[6716,6731]
UL236 0.311 2 NII[6548,6583], Hα[6563]
UL241 0.203 1 NII[6548,6583], Hα[6563], SII[6716,6731]
UL248 0.362 1 OIII[4959,5007], OI[6300], NII[6548,6583], Hα[6563], SII[6716,6731]
UL251 0.153 3 SII[6716,6731]
UL254 0.353 3 OIII[4959,5007], Hα[6563], SII[6716,6731]
UL256 0.197 1 NII[6548,6583], Hα[6563], SII[6716,6731]
UL258 0.111 1 NII[6548,6583], Hα[6563]
UL261 0.198 1 NII[6548,6583], Hα[6563], SII[6716,6731]
UL262 0.308 1 BLAGN Hβ[4861], OIII[4959,5007], NII[6548,6583], Hα[6563]
UL263 0.311 2 OIII[4959,5007], OI[[6300]?, Hα[6563], SII[6716,6731]
UL264 0.244 1 Hβ[4861], OIII[4959,5007], OI[6300], NII[6548,6583], Hα[6563], SII[6716,6731]
UL266 0.265 1 BLAGN OIII[4959,5007], OI[6300], Hα[6563], SII[6716,6731]
UL268 0.14 1 NII[6548,6583], Hα[6563], SII[6716,6731]
UL269 0.526 1 Hγ[4340], Hβ[4861], OIII[4959,5007], NII[6548,6583], Hα[6563]
UL270 0.295 1 Hβ[4861], OIII[4959,5007], NII[6548,6583], Hα[6563], SII[6716,6731]
UL275 0.233 1 HeI*[5876]?, OI[4959,5007], NII[6548,6583], Hα[6563]
UL278 0.203 1 OI[6300], NII[6548,6583], Hα[6563], SII[6716,6731]
UL285 0.337 1 OIII[4959,5007], NII[6548,6583], Hα[6563], SII[6716,6731]
Table 4.2: The 46 U/HLIRGs for which we have measured spectroscopic red-
shifts. We show the derived redshift, the reliability ﬂag, any notes on the spec-
trum, and the lines identiﬁed. An asterisk (*) next to the element name denotes
absorption, otherwise all lines are emission.
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a set of example photometric data complete with the correct redshifts to which they
correspond. The neural network will attempt to infer redshifts from the example
photometric dataset and will then compare with the correct redshifts. The network
will often then be asked to analyse its own accuracy and, where it has erred, will
modify the algorithms it has developed.
One must very carefully consider the training set that should be given to the
network. A set of insuﬃcient size or containing any inaccuracies or bias could result
in the neural network developing a fundamentally incorrect understanding of how the
input (photometry) relates to the output (redshift). As Wang & Rowan-Robinson
state, for the problem of photometric redshifts, one must ensure that sources in the
training dataset span the same range of observational properties - such as redshift
and colour - as those in the real dataset which the neural network will be applied.
The ANNz code follows such a training regimen, with the training dataset con-
sisting of photometry in the same ﬁlters as for the IIFSCz sample. However, in this
case the network does not then compare its own results with the true redshifts for
sources in the training dataset. Instead, the training set includes sources with spec-
troscopic redshifts only, and Wang & Rowan-Robinson stipulated that the training
is complete when the square of the diﬀerence between the derived photometric red-
shift and the true spectroscopic redshift has been minimised. This minimisation is
achieved by essentially altering the internal workings of the network and changing
the weighting of the various “neurons”, or nodes.
Wang & Rowan-Robinson (2009) use two training sets: ﬁrstly the 2-Micron All-
Sky Survey (2MASS), and secondly the SDSS DR6. The results of the ANNz code
suggest that the error in the derived photometric redshift (i.e., compared with the
spectroscopic redshift) is 1.5% for the 2MASS training set and 2.3% for the SDSS
training set.
The Template-Fitting Technique
Arguably a more classic astronomical technique for extra-galactic studies, the
template-ﬁtting method of estimating photometric redshift was ﬁrst introduced by
Baum (1962) and involves comparing the observed SED of the source with a suite
or library of existing templates with known redshifts. This works on the assumption
that there are a limited number of fundamental SED types across an appreciable
range of redshifts, so by taking a few archetypical empirical templates and redshift-
ing these templates (or combinations of them), one can theoretically produce a set
of templates which should be able to ﬁt any galaxy at any redshift.
Alternatively, one can achieve the same result by constructing a range of SEDs
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at diﬀering redshifts through stellar population synthesis. Stellar populations of dif-
ferent ages, and with diﬀering initial mass functions, will produce diﬀerent galaxy
SEDs. Therefore, by simulating various types and ages of stellar population, one
can produce a variety of template SEDs and can shift the wavelengths to represent
what would be observed within a given spectral range at various redshifts.
Wang & Rowan-Robinson adopt the method of Rowan-Robinson et al. (2008),
which was used to derive photometric redshifts for the SWIRE catalogue (Lonsdale
et al. 2003). They apply this method to IIFSCz sources which have optical and/or
near-infrared photometry. The nine templates used here, from Rowan-Robinson et
al. (2008), are split into six galaxy templates - Elliptical, four Spirals (Sab, Sbc,
Scd, Sdm) and Starburst - and three QSO templates.
The success rate is lower than for the artiﬁcal neural network method, with a
rms error in (1+z) of 2.7% in 2MASS and 4.4% in SDSS DR6. However, as Wang
& Rowan-Robinson note, the distinct advantage of the template-ﬁtting technique
over the artiﬁcal neural network technique is that it can allocate any redshift to
any source, whereas the netural network is only able to allocate redshifts within the
range it was trained on.
4.4.2 New Spectroscopic Redshifts
Table 4.3 shows the photometric redshift estimates for our U/HLIRGs from both the
template ﬁtting and neutral network methods of Wang & Rowan-Robinson (2009).
Figures 2.4 and 2.5 show the new spectroscopic redshifts compared with the orig-
inal neural network and template-ﬁtting photometric redshifts, respectively. Both
ﬁgures clearly show that the photometric redshifts are highly inaccurate for these
sources.
Firstly, the neural network redshift estimates display a clear problem of cluster-
ing around a redshift of 0.15<z<0.20. This happens to agree with the spectroscopic
redshift for a small number of sources, although given the overall distribution in
Figure 2.4, this is likely to be due to chance. The cause of this clustering is not
clear but it is likely due to the network being trained on an inadequate set of data;
perhaps one that covers an insuﬃcient redshift or luminosity range to accurately
represent U/HLIRGs. The neural network redshifts were not used by Wang &
Rowan-Robinson in deriving the luminosities of these sources as they considered the
template-ﬁtting photometric redshift estimates to be more reliable.
However, it appears that the template-ﬁtting photometric redshift estimates
are in fact also highly unreliable for these U/HLIRGs, as they consistently over-
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Name zspec Flag zneural network ztemplate fitting
UL002 0.15 3 0.164246 0.27644
UL033 0.29 1 0.18155 0.36773
UL042 0.14 1 0.187007 0.27644
UL044 0.254 1 0.209832 0.45881
UL053 0.172 3 0.192548 0.52757
UL069 0.2069 1 0.173125 0.30617
UL076 0.184 2 0.089262 0.41906
UL091 0.213 3 0.209414 0.43219
UL092 0.26 1 0.186488 0.41906
UL122 0.304 1 0.200226 0.52757
UL128 0.363 3 0.217535 0.48594
UL129 0.46 1 0.201327 0.34896
UL141 0.214 1 0.229119 0.44544
UL182 0.28 1 0.221803 0.48594
UL184 0.328 1 0.193421 0.32434
UL187 0.321 1 0.213723 0.49968
UL192 0.48 1 0.201233 0.41254
UL199 0.37 3 0.090945 0.33045
UL200 0.41 1 0.200584 0.42561
UL205 0.33 1 0.195464 0.39959
UL206 0.324 1 0.201775 0.6293
UL215 0.481 1 0.212762 0.58489
UL217 0.352 1 0.210121 0.48594
UL224 0.174 2 0.183475 0.47231
UL228 0.427 1 0.211246 0.41254
UL231 0.413 1 0.206627 0.33045
UL232 0.515 1 0.210134 0.48594
UL235 0.23 4 0.133736 0.47911
UL236 0.297 2 0.164731 0.34276
UL241 0.203 1 0.182261 0.52055
UL248 0.362 1 0.206666 0.36773
UL251 0.153 3 0.193271 0.28825
UL254 0.353 3 0.202049 0.46555
UL256 0.197 1 0.185383 0.44544
UL258 0.111 1 0.159898 0.57761
UL261 0.198 1 0.187131 0.3122
UL262 0.308 1 0.176975 0.3122
UL263 0.311 2 0.094561 0.30617
UL264 0.244 1 0.185667 0.46555
UL266 0.265 1 0.187755 0.3122
UL268 0.14 1 0.167203 0.52055
UL269 0.527 1 0.200513 0.41254
UL270 0.295 1 0.190191 0.4388
UL275 0.233 1 0.185119 0.46555
UL278 0.203 1 0.178269 0.52055
UL285 0.337 1 0.195585 0.36773
Table 4.3: Data for the 46 U/HLIRGs for which we have measured spectroscopic
redshifts and which have photometric redshift estimates from the IIFSCz.
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Figure 4.4: The original neural network photometric redshift derived for our
U/HLIRGs, compared with their spectroscopic redshift, for the 46 sources with
both these redshifts measured. A dashed 1:1 line is shown for comparison.
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Figure 4.5: The original template-ﬁtting photometric redshift derived for our
U/HLIRGs, compared with their spectroscopic redshift, for the 46 sources with
both these redshifts measured. A dashed 1:1 line is shown for comparison.
4.4 Comparison of Photometric and Spectroscopic Redshifts 145
Figure 4.6: A comparison of the IR Luminosity distribution of these U/HLIRGs,
with the luminosities calculated in two diﬀerent ways: ﬁrstly through SED-ﬁtting
(Wang & Robinson 2009) and secondly with the Sanders & Mirabel (1996) pre-
scription.
estimate the true redshift. Four sources approximately co-incide with the 1:1 line,
meaning their photometric redshifts are accurate. Nine sources have a redshift that
is slightly underestimated (zspec - zphot ≤ 0.12). The remaining 33 sources have an
overestimated photometric redshift, where the overestimation has an average factor
of zphot/zspec=1.7. The worst example of this is a source with a spectroscopic redshift
of z=0.111 and a template-ﬁtting photometric redshift estimate of z=0.57761. The
tendency to over-estimate the redshifts of these sources will have led to an erroneous
luminosity function which will eﬀectively be shallower than it is in reality, as sources
with overestimated redshifts will also have an overestimated luminosity. The Lumi-
nosity Function would appear to have an abundance of highly luminous sources at
high redshift and a dearth of highly luminous sources at low redshift. Due to the
non-heterogeneous selection method and small sample size of these U/HLIRGs, it is
not instructive to attempt to recreate the true Luminosity Function here. However,
we note that the luminosities using our new spectroscopic redshift should reveal that
the true Luminosity Function is in fact shallower, and therefore these sources likely
do not evolve as strongly with redshift as Wang & Rowan-Robinson previously found.
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Figure 4.7: The IR Luminosity distributions given by the photometric and
spectroscopic redshifts. The IR luminosities for the photometric redshifts were
calculated from the Sanders & Mirabel (1996) 8-1000 µm Luminosity estimator
(in their Table 1).
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4.4.3 New IR Luminosities
The systematic over-estimation of the true redshift by the photometric redshift es-
timators in the IIFSCz has signiﬁcant implications on the luminosity distribution of
the galaxies in our sample, and we here will quantify the shift in this distribution.
The luminosities provided for these U/HLIRGs in the IIFSCz have been derived
from template ﬁtting using the photometric redshifts, so we will not compare di-
rectly with these luminosities. Instead, for both the photometric (template-ﬁtting)
redshifts from the IIFSCz and for our spectroscopic redshifts, we derive 8-1000 µm
luminosities using the Sanders & Mirabel (1996) prescription, namely the following
set of equations from their Table 1:
F8−1000µm = 1.8× 10
−14
× (13.48f12 + 5.16f25 + 2.58f60 + f100) [Wm
−2], (4.2)
and
L8−1000µm = 4 pi D
2
L F8−1000µm [L⊙], (4.3)
where f12, f25, f60 and f100 are the IRAS ﬂuxes at 12, 25, 60 and 100 µm respec-
tively, and DL is the Luminosity Distance. We again apply a K-correction assuming
a power law S(ν) ∝ ν−2, as was done in Chapter Two.
We compare the Sanders & Mirabel (1996) prescription-based luminosities with
those derived by Wang & Rowan-Robinson via template ﬁtting in Figure 4.6. Al-
though a K-S test shows that these distributions are not drawn from the same parent
population (p=0.000), we note that there is no clear bias of over- or under-estimation
of luminosity using one method compared to the other.
Nonetheless, to ensure a fair comparison, we examine the change in the IR lu-
minosity distribution of this sample of U/HLIRGs by calculating their luminosities
using Equations (4.2) and (4.3), for both the original photometric (template-ﬁtting)
redshifts, and the new spectroscopic redshifts. We shall refer to the resulting lumi-
nosity distributions as the “old” and “new” distributions, respectively.
Figure 4.7 shows the old and new luminosity distributions for these sources, with
the data tabulated in Table 4.4. There are signiﬁcant diﬀerences, as expected. A
K-S test shows that they are not drawn from the same parent population (p=0.000).
In the old distribution, the over-estimation of luminosities has resulted in an appar-
ent clustering at high luminosities, with a peak at ∼1012.8 L⊙. Four of the galaxies
lie within the HLIRG luminosity range. There is a complete absence of sources with
L<1012.3 L⊙; everything is classiﬁed as a ULIRG at minimum.
In contrast, the new distribution is much more evenly distributed across the
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luminosity range, with the most luminous sources from the old distribution shifted
to much lower luminosities: only one source in this sample is in fact a HLIRG,
and then only just, with an IR luminosity of 1014.04 L⊙. In the new IR luminosity
distribution there are a signiﬁcant number of sources with <1012.3 L⊙, including
seven sources which we ﬁnd to in fact be LIRGs (L8−1000µm <10
12 L⊙). The new
distribution peaks at a luminosity of approximately 1012.5 L⊙. In light of the fact
that this sample is now known to be comprised of a mixture of LIRGs, ULIRGs and
HLIRGs, we shall henceforth refer to them as U/HLIRGs.
4.5 Implications for the IIFSCz
We now consider the implications of incorrect photometric redshift estimates for
ULIRGs and HLIRGs in the main IIFSCz, which contains ∼60,000 galaxies, ap-
proximately 80% of which have photometric redshift estimates. We recall that the
spectroscopic redshifts for our U/HLIRGs are a factor of 1.7 lower on average than
the template-ﬁtting photometric redshifts listed for them in the IIFSCz. We shall
therefore brieﬂy assess the change that is induced in the high-luminosity luminosity
function of the IIFSCz if all galaxies are shifted to a redshift 1.7 times lower than
their current value, and we will use the 1/Vmax method outlined in Chapter Two to
compare the old and new LFs.
We select galaxies from the IIFSCz which have no spectroscopic redshift, but
which have a photometric, template-based redshift of >0 and an infrared luminosity
in excess of 1012 L⊙. This yields 1,564 galaxies. We calculate the 1/Vmax Lumi-
nosity Function twice: ﬁrstly with their original redshifts and secondly with their
redshifts reduced by a factor of 1.7. In each case, we calculate the Luminosity from
the K-corrected IRAS ﬂuxes, again using the Sanders & Mirabel (1996) prescriptions
(Equations 4.2 and 4.3), as done earlier in this Chapter. The results are displayed
in Figure 4.9 and show a clear shift of the population to lower luminosities, as ex-
pected from the reduction in redshift. This suggests that ULIRGs have a slightly
higher space density than previously calculated, while there is a 75% reduction in
the number of HLIRGs in the sample.
4.6 Conclusions
We have obtained follow-up optical spectroscopy for 46 sources which the IIFSCz
catalogue (Wang & Rowan-Robinson 2009) identiﬁed as ULIRGs or HLIRGs based
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Name zspec f12µm f25µm f60µm f100µm log(LIR, phot) log(LIR, spec)
Jy Jy Jy Jy log(L⊙) log(L⊙)
UL002 0.15 0.113 0.156 0.259 1.158 12.44 11.94
UL033 0.29 0.083 0.144 0.293 0.91 12.61 12.42
UL042 0.14 0.132 0.155 0.406 1.031 12.50 11.93
UL044 0.254 0.087 0.134 0.199 0.563 12.70 12.23
UL053 0.172 0.147 0.107 0.263 6.105 14.31 12.41
UL069 0.2069 0.071 0.118 0.433 1.009 12.48 12.16
UL076 0.184 0.112 0.131 0.354 0.788 12.75 12.08
UL091 0.213 0.103 0.131 0.421 1.009 12.80 12.23
UL092 0.26 0.105 0.176 0.303 1.099 12.78 12.40
UL122 0.304 0.119 0.381 0.277 0.478 14.02 12.58
UL128 0.363 0.101 0.14 0.209 0.641 12.79 12.56
UL129 0.46 0.121 0.175 0.207 0.451 12.56 12.78
UL141 0.214 0.082 0.14 0.207 0.912 12.72 12.13
UL182 0.28 0.094 0.156 0.25 0.422 12.77 12.34
UL184 0.328 0.138 0.259 0.429 0.66 12.65 12.66
UL187 0.321 0.083 0.133 0.293 0.343 12.76 12.41
UL192 0.48 0.049 0.253 0.406 0.592 12.71 12.82
UL199 0.37 0.072 0.198 0.235 1.234 12.56 12.65
UL200 0.41 0.069 0.153 0.276 0.661 12.66 12.63
UL205 0.33 0.09 0.159 0.197 0.622 12.62 12.47
UL206 0.324 0.079 0.116 0.2 0.704 12.93 12.42
UL215 0.481 0.08 0.123 0.204 0.516 12.86 12.71
UL217 0.352 0.064 0.114 0.284 1.248 12.81 12.56
UL224 0.174 0.077 0.076 0.428 0.781 12.77 11.97
UL228 0.427 0.079 0.061 0.198 0.888 12.59 12.62
UL231 0.413 0.119 0.087 0.211 0.82 12.51 12.68
UL232 0.515 0.071 0.161 0.194 2.907 12.99 14.04
UL235 0.23 0.1 0.147 0.221 1.248 12.86 12.27
UL236 0.297 0.089 0.203 0.355 2.32 12.74 12.62
UL241 0.203 0.075 0.105 0.694 0.998 12.97 12.21
UL248 0.362 0.127 0.088 0.328 1.231 12.69 12.67
UL251 0.153 0.064 0.077 0.247 0.893 12.31 11.79
UL254 0.353 0.071 0.112 0.21 1.667 12.82 12.60
UL256 0.197 0.053 0.117 0.256 4.215 14.00 12.34
UL258 0.111 0.05 0.098 1.154 1.708 14.17 11.84
UL261 0.198 0.051 0.074 0.286 0.79 12.34 11.97
UL262 0.308 0.054 0.149 0.267 0.816 12.41 12.39
UL263 0.311 0.066 0.08 0.179 0.869 12.33 12.35
UL264 0.244 0.072 0.115 0.353 1.323 12.82 12.31
UL266 0.265 0.087 0.123 0.585 1.185 12.58 12.45
UL268 0.14 0.059 0.051 0.219 0.767 12.71 11.64
UL269 0.527 0.071 0.094 0.238 0.915 12.62 12.81
UL270 0.295 0.073 0.081 0.332 1.245 12.74 12.43
UL275 0.233 0.06 0.071 0.295 1.32 12.76 12.20
UL278 0.203 0.073 0.083 0.354 1.049 12.85 12.10
UL285 0.337 0.095 0.14 0.478 1.181 12.70 12.63
Table 4.4: A comparison of the 8-1000 µm Luminosity Distributions for our
U/HLIRGs, ﬁrstly calculated using the photometric (template-ﬁtting) redshifts
from the IIFSCz, and secondly with updated spectroscopic redshifts from this
thesis.
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Figure 4.8: The IIFSCz IR 1/Vmax Luminosity Function, calculated ﬁrstly using
the original photometric redshifts from the catalogue (solid line) and secondly
using their updated redshifts (dashed line), which were calculated by applying our
derived correction of zspec = zphot/1.7. The corrected redshifts reveal a signiﬁcant
shift to lower luminosities, as expected, resulting in 75% fewer HLIRGs being
present in the sample than previously calculated.
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on photometric redshift estimates alone. A comparison of the spectroscopic red-
shifts of these sources (measured from emission lines in their optical spectra) with
the photometric redshifts from the IIFSCz reveals a signiﬁcant discrepancy. Wang &
Rowan-Robinson estimated photometric redshifts by ﬁtting the SED of each galaxy
with templates for IR galaxies at various redshifts. However, the resulting photo-
metric redshift estimates have been found to over-predict the true redshift by a mean
value of zphot/zspec=1.7. We therefore caution that photometric redshift estimators
may be highly unreliable, at least for the U/HLIRG population.
The IR luminosity distribution of these 46 U/HLIRGs has been updated in light
of these new redshifts. The distribution changes from a cluster of galaxies at high
luminosities - with values ranging from 1012.3 L⊙ to 10
13.31 L⊙, and peaking at 10
12.8
L⊙ - to a smoother distribution, which extends down into the LIRG range of lumi-
nosities (>1011.64 L⊙) but which contains only one HLIRG (10
13.04 L⊙). This implies
that HLIRGs are even rarer than previously thought - 75% rarer in this sample at
least - while LIRGs and ULIRGs may be more common.
The IIFSCz remains the most complete consensus of the local IR galaxy pop-
ulation. This work strongly implies that the remaining sources which have been
identiﬁed in the IIFSCz as U/HLIRGs likely have over-estimated redshifts and there-
fore over-estimated luminosities, which suggests that the IR Luminosity Function at
z<0.65 (the highest photometric redshift for any of our U/HLIRGs) requires urgent
revision.
152
Chapter 5
The AGN - star formation
connection in high-z QSOs
5.1 Introduction
Quasi-stellar objects (QSOs) are the most luminous active galactic nuclei (AGN),
due to rapid mass accretion. They are an integral stage in the growth and evolution
of galaxies as they correspond to a period early in the lives of the supermassive black
holes (SMBHs) we see today at the core of all massive galaxies (e.g., Magorrian et
al. 1998, Ferrarese & Merritt 2000, Gebhardt et al. 2000, Tremaine et al. 2002).
The QSO space density peaked at redshifts of 2<z<3 (Brown et al. 2006).
Optical data cannot provide a full picture of the activity in QSOs: half of all
the energy emitted by active galactic nuclei (AGN) and stars over the history of the
Universe has undergone absorption and scattering by interstellar gas and dust, and
the absorbed energy has been re-emitted in the infrared (IR) waveband, producing
the cosmic IR background (Hauser & Dwek 2001).
The Spitzer Wide-area InfraRed Extragalactic survey (SWIRE, Lonsdale et al.
2003) provided a wealth of IR data with which to study large samples of QSOs and
their hosts. Using SWIRE data, Hatziminaoglou et al. (2005) measured both AGN
and star formation in quasars and created new mid-IR quasar selection techniques.
Hatziminaoglou et al. (2008, 2009) studied the spectral energy distributions (SEDs)
and AGN torus properties of SWIRE/Sloan Digital Sky Survey (SDSS; York et al.
2000) AGN, and Siana et al. (2008) used z∼3 SWIRE QSOs to extend the QSO lu-
minosity function 2 magnitudes fainter than was previously possible with just SDSS
data.
However, arguably the best way to study AGN activity is with X-rays, which
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are emitted close to the accreting black hole and which are not as aﬀected by ob-
scuration as are the UV/optical wavebands in which accretion disk emission peaks.
The majority of large infrared/X-ray studies (e.g., Rigby et al. 2004, Mullaney et
al. 2011) of active galaxies out to high redshifts focus largely, or solely, on the more
common low-to-medium luminosity AGN, with X-ray luminosities below Lx=10
44
erg/s (the knee in the QSO X-ray luminosity function at z>1; above this luminosity
the number density drops steeply, corresponding to the most rapidly-accreting tail of
the population). There is therefore a higher number density of these low-to-medium
luminosity AGN compared to their higher-luminosity counterparts, and they are
hence more representative of the population. However, we are left with a poorer
understanding of the X-ray and FIR properties of high luminosity AGN, such as
QSOs.
The growth of supermassive black holes is strongly coupled with the growth of
the galaxy in which they reside. The M-σ relation (Magorrian et al. 1998, Ferrarese
et al. 2006, Gu¨ltekin et al. 2009, Graham et al. 2012) reveals a fundamental correla-
tion between bulge mass (and hence luminosity) and the mass of the central SMBH,
indicating a direct link between the evolution (i.e., growth) of the QSO and the
host, through accretion and star formation respectively. AGN feedback is a likely
candidate for this correlation (e.g., Haehnult & Kauﬀmann 2000, Hopkins 2012,
Springel, Di Matteo & Hernquist 2005). Clearly, a direct way to understand both
the host galaxy and the AGN is to study both FIR and X-ray data, and the M-σ
relation might lead us to expect rapidly starforming galaxies such as luminous and
ultra-luminous infrared galaxies (LIRGs and ULIRGs) to harbour rapidly-accreting
black holes, and to therefore also be X-ray luminous. Indeed, Sanders et al. (1988)
proposed that ULIRGs are in fact young, dust-enshrouded QSOs.
Historically, studies of star formation in AGN host galaxies (and in general)
have been potentially unreliable due to a lack of high sensitivity/angular resolu-
tion FIR photometry. In dusty, star-forming galaxies, FIR emission originates from
cold, dusty clouds heated by embedded stars, and is therefore a direct measure of
star formation rate (SFR). FIR studies to constrain the SFR in the hosts of the
most luminous QSOs (Lx ' 1044 erg/s) are few: Bauer et al. (2010) studied 20
ULIRGs containing QSOs in the X-ray and mid-IR and estimated X-ray luminosi-
ties >1043.4 erg/s, indicating rapidly-growing AGN in starbursting galaxies. Trichas
et al. (2012) studied X-ray selected AGN in the mid-IR and found that as X-ray
luminosity increases, the average fractional contribution of the AGN component to
the bolometric luminosity increases relative to any starburst component. However,
the Spectral and Photometric Imaging REceiver (SPIRE; Griﬃn et al. 2010) instru-
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ment on the Herschel Space Observatory1 (Pilbratt et al. 2010) is the ultimate tool
for studying star formation in distant galaxies: its 250, 350 and 500 µm bands trace
the peak of the cold dust emission at high z, and the SPIRE instrument comprises
the highest resolution and highest sensitivity FIR-to-submm detectors currently in
space. Page et al. (2012) studied Herschel SPIRE data for X-ray seleted AGN and
found no signiﬁcant 250 µm emission above an X-ray luminosity of 1044 erg/s; poten-
tially direct evidence for luminous QSOs “quenching” star-formation in their hosts,
perhaps by driving molecular outﬂows that expel star-forming gas (e.g., Sturm et
al. 2011, Harrison et al. 2012a).
Clearly, more multiwavelength work is needed to understand QSOs (in the op-
tical and X-ray) and their host galaxies (in the FIR). We here undertake a multi-
wavelength study of 35 optically-bright 1<z<4 IR-selected Type I SWIRE QSOs,
incorporating Herschel Multi-Tiered Extragalactic Survey (HerMES2, Oliver et al.
2012) SPIRE data in the FIR, and X-ray data from Chandra and XMM−Newton.
By selecting Type I QSOs we have a sample with minimal absorption along the line
of sight, so we are also able to directly observe the optical emission from the accre-
tion disk. Our sample therefore contributes signiﬁcantly to the small pool of known
QSOs with constraints on both FIR-based star formation properties, and optical-
and X-ray-based AGN properties.
In this study, we measure the optical, FIR and X-ray luminosities of these QSOs,
infer the masses and accretion rates of the SMBHs, and ﬁt their optical-to-FIR SEDs
to derive both the FIR luminosities and fractional component contributions of star
formation and of the AGN. By disentangling AGN and star formation activity using
a wide range of the most up-to-date multiwavelength data, this work will provide
a unique and compelling perspective on the evolutionary behaviour of high-redshift
QSOs.
5.2 Sample Construction
Our sample includes 35 QSOs selected from the SWIRE catalog (Lonsdale et al.
2003). Although the QSOs originate from an amalgamation of four samples, they
are all Spitzer IRAC and MIPS 24 µm sources selected via r-band magnitude.
Twelve of the QSOs are from the sample of Patel et al. (2011), who selected sources
1Herschel is an ESA space observatory with science instruments provided by European-led
Principal Investigator consortia and with important participation from NASA.
2hermes.sussex.ac.uk
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Figure 5.1: The variation in r-24 µm colour of our sample (blue stars) compared
with the SWIRE/SDSS spectroscopically-conﬁrmed quasar sample (red squares)
of Hatziminaoglou et al. (2008).
with zphot >3 for follow-up spectroscopy, and imposed a cut of r<22 to ensure that
good quality (≥ 5σ) optical spectra could be obtained within 3 hours of observation
with the Wide Field Fibre Optical Spectrograph (WYFFOS) on the 4.2 m William
Herschel Telescope (WHT). These twelve QSOs (in the XMM and Lockman Hole
ﬁelds) were then identiﬁed via broad line features in the optical spectra. A sample
of 16 QSOs (D. Clements, private communication) was created by again selecting
zphot >3 sources from SWIRE. They were followed up with optical spectroscopy with
EFOSC on the NTT, and observed to an eﬀective cut of r≤21.08. These sources are
in the XMM and CDFS ﬁelds. An additional seven sources were obtained from a
combination of the samples of Kalfountzou et al. (2011) and Trichas et al. (2010),
and are located in the CDFS and EN1 ﬁelds. The 3 Kalfountzou et al. QSOs were
selected as 24 µm sources with r<21.5 and are the 3 broad line objects in their
sample with z>1 as identiﬁed by follow-up optical spectroscopy. The 4 Trichas et
al. QSOs were selected as having r<23.5 or r<21.5 for follow-up spectroscopy with
Gemini North or WIYN respectively, and all showed broad emission lines in their
optical spectra.
Spectroscopic redshifts were derived for all 35 QSOs, and these range from
1.18≤z≤3.95. This redshift range fully encompasses the peak epoch of QSO activity
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from 2<z<3 (Brown et al. 2006). Only one of our QSOs has a SDSS optical
spectrum (QSO 178951, see Section 1.6.3).
Our sample covers a narrower range of r-magnitudes than the SDSS DR7 QSO
sample (Schneider et al. 2010) within the same redshift range, spanning 18.6<r<21.4
compared to 16<r<22 for the SDSS sample. The median r-magnitude is over 0.6
magnitudes fainter for our QSOs than for the SDSS QSOs. If we then consider the
SDSS/SWIRE population (Hatziminaoglou et al. 2008), our QSOs lie in a region
sparsely populated by these sources, and they are typically also redder in r-24 µm
colour than typical SDSS/SWIRE quasars at the same redshift (Figure 5.1). At
1<z<4, the 24 µm band probes mid-IR (MIR) emission below 12 µm from the host
galaxy, whereas the r-band probes shorter-wavelength optical and UV emission. Our
QSOs being redder in r-24 µm colour therefore suggests that when compared to the
SDSS/SWIRE quasars, they typically have more MIR emission from AGN-heated
dust relative to optical/UV emission from the accretion disk. In our sources, at least,
this cannot be due to absorption as the broad emission lines in our QSO spectra
imply low levels of internal extinction (and this is conﬁrmed by our SED ﬁts; see
Section 1.6.1).
5.2.1 UV data
UV photometry was obtained by crossmatching with the 6th data release of the
Galaxy Evolution Explorer (GALEX) space telescope (Martin et al. 2005), using
a 4 arcsecond search radius as recommended by Budavari (2009).
5.2.2 Optical and Spitzer IR data
We use the optical photometry and Spitzer IRAC and MIPS data provided in the
original version of the SWIRE catalog.
The optical data available in SWIRE diﬀers slightly between ﬁelds: in EN1
there is U′g′r′i′Z′ photometry from the Wide Field Survey (WFS) conducted with
the INT, g′r′i′ photometry in Lockman (with U-band photometry for a 1.24 sq deg
portion of the 7.53 sq deg ﬁeld) and CDFS, and UgriZ photometry in XMM-LSS
from Pierre et al. (2007).
5.2.3 Herschel SPIRE data
We performed a crossmatch between our sample and the SPIRE 250, 350 and 500
µm XID point-source catalogs (Roseboom et al. 2010, 2012). In order to reduce
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ID z RA Dec
deg deg
6065 2.58 36.83 -5.44
19760 2.55 36.48 -5.22
32604 2.83 53.99 -28.42
72739 2.70 36.38 -3.98
87332 3.29 36.05 -3.73
103898 1.18 53.09 -29.53
144466 1.28 36.43 -5.50
151135 3.77 36.06 -5.46
152091 2.90 36.23 -5.37
152775 1.96 53.87 -28.53
154461 2.10 35.70 -5.50
178951 2.02 242.53 53.97
183070 2.26 35.62 -4.83
185197 2.87 35.73 -4.74
185364 2.38 35.91 -4.67
190221 2.85 242.43 54.28
195590 2.38 242.43 54.42
205425 3.17 242.88 54.39
211785 2.39 35.48 -4.25
237829 3.40 162.86 57.51
271694 3.19 52.94 -29.08
288116 3.09 35.41 -5.94
302309 1.37 35.43 -5.60
304323 3.95 35.02 -5.70
304582 2.58 35.21 -5.63
306191 2.22 35.47 -5.49
356783 3.71 35.25 -4.39
375214 1.31 34.96 -4.05
388849 3.91 34.43 -3.95
437040 3.87 34.97 -6.00
444335 2.65 34.71 -5.91
449297 2.46 34.41 -5.89
455194 3.55 34.40 -5.74
512643 2.13 34.08 -4.37
540763 3.40 33.68 -3.86
Table 5.1: The SWIRE IDs, spectroscopic redshifts and coordinates of the 35
QSOs in our sample. We note the separate ﬁelds: CDFS (RA≈53, Dec≈-29);
XMM (RA≈35, Dec≈-5); EN1 (RA≈242, Dec≈54); Lockman-SWIRE (ID 237829
only).
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the problem of source blending, known 24 µm source positions were used as priors
in estimating the XID SPIRE ﬂuxes through linear inversion and model selection
techniques. The full method and resulting catalogs are described in Roseboom et
al. (2010). Our 35 QSOs are all 24 µm sources and therefore all have HerMES
XID photometry in all three SPIRE bands. We deﬁne a reliable SPIRE detection as
where the signal-to-noise ratio (SNR) exceeds 3 at 250 µm, and we ﬁnd that 6/35
QSOs meet this criterion. We henceforce refer to these QSOs as SPIRE-detected.
SPIRE data for the remaining QSOs can be used only to give a ‘best guess’ as to
their FIR properties. QSOs 151135 and 154461 have SPIRE upper limits only, so
we derive approximate 1σ upper limits on their FIR properties.
The XID ﬂux assignment method leads to the caveat that if one of our QSOs
lies near to a SPIRE source that is undetected at 24 µm, the SPIRE ﬂux of this
other source may be attributed to our QSO. However, visual inspection of the XID
maps suggests that none of our sources lie close to another SPIRE source, with the
exception of QSO 306191: a bright source partially overlaps a 9 arcsecond-radius
circular aperture (the size of the SPIRE 250 µm beam) centred on this QSO. How-
ever, this QSO has a 250 µm catalogue ﬂux of just 2.0±12.5 mJy; the measured ﬂux
is very low and the large error will account for any confusion.
All 35 QSOs are listed by their SWIRE IDs, coordinates, spectroscopic redshifts
and UV-to-FIR photometry in Table 2. The SPIRE data presented here will be re-
leased through theHerschelDatabase in Marseille HeDaM (hedam.oamp.fr/HerMES).
5.2.4 X-ray Data
The two best X-ray telescopes for studying the broad X-ray band are currently
Chandra and XMM −Newton. In this study we utilise the following datasets: the
2XMMi DR3 XMM −Newton catalog (Watson et al. 2009), the Chandra Source
Catalog (CSC; Evans et al. 2010) and two Chandra EN1 catalogs with varying
depths (Trichas et al. 2009) where the data were processed using the same pipeline
and methodology as for Laird et al. (2009). 31/35 of our QSOs lie in the ﬁelds cov-
ered by these X-ray catalogs. The remaining four QSOs are in the CDFS-SWIRE
ﬁeld and also lie outside both the 2MS and ECDFS Chandra ﬁeld footprints, so
there is no public Chandra or XMM −Newton data for these sources.
Cross-matching was performed between our sample and the CSC/deep EN1
data using coordinate searches with a default radius proportional to the 1σ posi-
tional error of each X-ray source, to reﬂect the fact that X-ray sources have a wide
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µJy µJy µJy µJy µJy µJy µJy µJy µJy µJy µJy µJy mJy mJy mJy
6065 - - 0.19±0.00 10.8±0.1 10.6±0.1 10.1±1.2 11.7±0.1 17.0±1.1 20.8±1.2 0.±0. 0.±0. 659.0±16.3 9.2±12.5 7.2±7.4 0.±5.6
19760 - 0.71±0.12 27.5±0.3 65.5±0.6 100.9±0.9 124.7±1.2 161.4±1.5 137.9±1.3 143.4±1.5 200.8±5.7 327.4±5.6 2319.8±18.4 0.±12.5 5.4±7.1 5.7±5.3
32604 - - - 9.4±0.3 11.4±0.3 12.8±0.4 - 32.6±0.6 43.1±1.1 36.2±3.2 111.6±5.1 2283.6±17.5 47.8±3.8 37.9±4.0 30.1±5.7
72739 - - 7.7±0.07 16.7±0.2 23.8±0.2 28.3±0.3 34.4±0.3 43.7±1.1 61.8±1.2 108.8±6.3 242.5±5.9 2517.9±20.2 28.4±12.5 37.7±7.2 53.8±5.3
87332 - - 4.1±0.04 12.6±0.1 18.7±0.2 21.9±0.2 21.1±0.2 28.9±0.8 38.1±1.3 80.1±5.6 107.8±6.9 690.4±16.8 18.5±12.5 18.7±7.2 16.5±6.5
103898 2.85±0.13 10.29±0.19 - 28.0±0.8 36.6±1.0 48.5±1.4 - 297.4±2.3 418.2±2.9 576.5±8.4 811.7±7.1 2486.5±17.4 12.8±3.8 8.0±4.3 6.7±4.0
144466 10.09±1.14 47.00±0.35 42.5±0.4 47.0±0.4 66.7±0.6 72.4±0.7 75.2±0.7 119.4±1.6 152.9±1.7 184.1±6.8 279.2±5.8 2853.6±21.1 3.3±12.4 17.2±8.1 0.±6.0
151135 - - - 6.14±0.06 27.3±0.3 29.9±0.3 28.6±0.3 63.0±1.3 58.1±1.5 63.7±5.9 126.2±6.8 956.8±17.4 0.±12.5 0.±7.1 0.±5.2
152091 - - 18.9±0.2 38.7±0.4 62.5±0.6 79.4±0.7 78.7±0.7 80.1±1.2 99.8±1.4 133.0±5.8 316.6±6.0 2109.7±21.6 0.±12.5 0.±7.1 5.6±5.2
152775 2.94±0.17 4.04±0.19 - 53.3±1.5 57.5±1.6 77.7±2.2 - 134.9±1.2 184.2±1.5 321.4±5.0 502.0±4.5 1294.6±15.7 8.4±3.8 4.6±4.2 0.±5.8
154461 2.62±0.16 4.61±0.16 42.5±0.4 52.5±0.5 58.6±0.5 69.8±0.6 83.2±0.8 86.5±1.0 118.9±1.5 188.5±4.5 347.0±6.0 2758.2±22.3 0.±12.5 0.±7.1 0.±5.3
178951 - 7.63±0.49 130.0±12.5 89.2±2.5 85.5±2.4 98.7±10.5 113±10.9 180.4±2.0 269.0±2.4 521.5±8.7 944.1±6.5 3586.6±19.2 21.1±4.3 13.1±4.4 9.8±4.8
183070 - - - 24.0±0.2 27.0±0.3 27.3±0.3 35.0±0.3 50.8±1.1 67.4±1.4 104.9±6.3 161.7±6.2 1398.4±21.0 17.9±12.5 19.5±7.1 14.2±5.3
185197 - 0.61±0.15 9.12±0.08 19.8±0.2 26.8±0.2 29.4±0.3 30.5±0.3 45.89±1.12 56.6±1.3 67.7±6.0 177.0±6.2 864.5±16.1 12.2±12.5 5.9±7.1 6.9±5.2
185364 - 11.69±2.7 20.5±0.2 29.4±0.3 32.8±0.3 40.2±0.4 37.0±0.3 76.7±1.2 111.7±1.5 176.6±5.7 296.6±6.0 1758.3±18.4 12.7±12.5 13.2±7.6 6.1±7.1
190221 - - 15.9±1.5 30.1±0.8 33.1±0.9 37.2±4.0 40.2±3.9 55.9±1.1 72.2±1.5 130.9±5.1 258.5±5.8 1013.4±17.5 25.0±4.3 17.2±4.4 8.2±4.8
195590 - 6.79±2.15 38.1±3.7 45.5±1.3 44.9±1.3 41.9±4.5 50.2±4.8 78.5±1.4 109.4±1.8 182.6±6.2 301.2±5.9 934.2±14.1 7.8±4.3 5.6±4.4 10.4±4.5
205425 - - 1.8±0.2 12.4±0.3 18.0±0.5 16.7±1.8 16.9±1.6 47.1±1.0 56.6±1.2 69.4±4.4 132.3±4.4 302.6±14.5 16.9±4.3 18.1±4.6 0.±11.4
211785 - 0.73±0.13 37.0±0.3 67.9±0.6 117.0±1.1 111.7±1.0 127.1±1.2 103.2±1.4 149.0±1.7 286.1±6.4 581.4±6.6 3906.6±20.9 7.8±12.4 6.6±7.4 11.5±5.7
237829 - - - 36.2±1.7 60.2±2.8 60.6±2.9 - 82.0±1.4 89.0±1.3 102.6±5.5 168.3±4.7 665.8±15.6 7.9±6.1 5.6±6.0 0.±5.9
271694 - - - 26.2±0.7 31.9±0.9 36.5±1.0 - 59.4±1.1 73.6±1.4 107.3±5.1 283.8±5.7 1740.2±17.6 0.2±3.8 4.2±9.9 0.±5.4
288116 - - 10.0±0.09 29.4±0.3 38.4±0.4 39.1±0.4 39.4±0.4 46.6±0.9 52.7±1.2 68.9±4.7 115.0±5.4 1079.4±16.2 21.3±12.5 21.2±7.2 6.5±5.8
302309 - 10.19±0.46 48.3±0.4 53.5±0.5 80.2±0.7 79.4±0.7 78.7±0.7 181.4±1.9 281.0±2.6 416.5±6.8 685.0±8.1 4368.0±23.3 0.9±12.5 0.±7.6 13.5±5.6
304323 - - 0.84±0.01 21.5±0.2 55.0±0.5 71.8±0.7 84.7±0.8 120.2±1.1 109.1±1.3 137.2±4.5 260.8±5.3 2190.6±21.6 12.1±12.5 18.4±7.1 9.9±5.3
304582 9.17±1.22 33.77±0.34 - 44.1±0.4 51.1±0.5 50.1±0.5 53.5±0.5 195.9±1.8 214.5±1.8 315.4±6.8 395.2±5.6 2405.6±19.4 12.8±12.5 11.4±7.4 17.1±5.6
306191 2.69±1.01 15.09±0.26 43.7±0.4 57.5±0.5 68.5±0.6 72.4±0.7 87.1±0.8 76.8±1.1 104.8±1.5 159.7±5.9 268.2±5.7 1445.5±17.4 2.0±12.5 0.±11.4 6.0±10.0
356783 - 0.34±0.10 2.4±0.02 14.3±0.1 46.1±0.4 45.3±0.4 49.7±0.5 50.4±1.2 55.9±1.5 80.5±6.5 172.2±6.9 1504.7±19.4 14.9±12.5 7.7±7.8 5.4±7.6
375214 - 13.72±0.27 42.9±0.4 61.9±0.6 96.4±0.9 117.0±1.1 121.0±1.1 212.5±2.2 324.8±2.3 484.5±9.2 721.2±6.8 3480.4±23.1 0.2±12.5 0.±7.1 0.±5.3
388849 - - - 8.6±0.08 26.8±0.2 30.8±0.3 35.6±0.3 52.5±1.2 56.0±1.2 84.1±6.3 169.6±5.5 1611.0±19.0 16.3±12.4 16.3±7.2 0.±5.3
437040 - - - 29.9±0.3 83.9±0.8 91.2±0.8 95.5±0.9 116.5±1.6 116.1±1.5 150.1±6.4 315.2±5.8 2509.4±22.0 16.0±12.5 15.5±7.1 12.9±5.3
444335 - - 2.47±0.02 9.82±0.09 12.2±0.1 11.7±0.1 14.9±0.1 30.3±0.8 30.5±1.0 45.0±4.4 69.0±5.2 584.0±20.4 0.±12.5 7.9±7.1 0.±5.3
449297 8.63±0.18 11.61±0.19 35.6±0.3 61.4±0.6 63.7±0.6 77.3±0.7 94.6±0.9 105.3±1.5 111.5±1.8 148.5±6.3 275.7±7.0 1467.3±20.3 1.8±12.4 4.3±7.1 0.±5.3
455194 - - - 18.0±0.2 29.9±0.3 32.5±0.3 34.4±0.3 38.9±0.8 41.8±1.2 54.1±4.5 112.3±6.1 1180.1±17.9 4.2±12.5 5.6±7.4 4.1±6.5
512643 - 0.74±0.14 20.0±0.2 31.9±0.3 51.5±0.5 58.6±0.5 71.1±0.7 133.5±1.8 197.5±2.2 350.8±8.0 499.1±7.0 3212.3±22.9 55.2±12.5 52.7±7.1 34.0±5.3
540763 - - 3.1±0.03 15.3±0.1 21.7±0.2 25.6±0.2 29.9±0.3 34.2±1.0 60.8±1.5 109.5±5.4 254.9±7.0 1850.1±19.7 17.6±12.4 25.3±7.4 23.9±6.8
Table 5.2: Available UV-to-FIR photometry for our QSO sample. Column key: a SWIRE ID, b NUV and FUV ﬂuxes from
GALEX GR6, c Optical ugriz ﬂuxes from the original version of the SWIRE catalog. For sources with no magnitude error listed
in SWIRE, we have assumed ﬂux errors equivalent to 0.05 mag in u and z and 0.03 mag in g, r and i (Rowan-Robinson 2008). d
3.6 µm, 4.5 µm, 5.8 µm, 8 µm and 24 µm Spitzer IRAC/MIPS ﬂuxes from the original version of the SWIRE catalog (note: QSO
178951 also has S70µm=10.54±3.19 mJy), e 250 µm, 350 µm and 500 µm Herschel SPIRE ﬂuxes with 1σ errors (including both
instrumental and confusion noise; Nguyen et al. 2010).
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range of positional errors1. This was not possible in the shallow EN1 catalog as po-
sitional errors on individual X-ray sources are not available, so we use a conservative
search radius of 1 arcsecond.2
We identify 2 matches from the CSC which have positional separations between
the Chandra coordinates and our QSOs’ optical coordinates of 0.8” and 2.09”. These
are QSOs 178951 and 205425 respectively. Both were observed with ACIS-I. The
Chandra IAU names for these sources are listed in Table 1.5. We identify 1 further
match (QSO 195590) from the shallow EN1 catalog, with a positional separation of
0.43”, and classed as a signiﬁcant detection. No matches were found in the deep
EN1 catalog.
The XMM − Newton crossmatching was done via coordinate cross-matching
using the same method as for the CSC/deep EN1 data as described above. This
yields fourteen positive matches with positional separations ranging from 0.26” to
3.19”. The XMM −Newton IAU names for these sources are listed in Table 1.5.
We therefore have 17 X-ray detected QSOs out of the 31 which are in ﬁelds
with public X-ray data: 3 from Chandra and 14 from XMM − Newton. Our ex-
pected false match rate is calculated by randomly generating new positions within
the ﬁeld for all the X-ray sources 1,000 times, each time simulating a false catalog
within that ﬁeld. For each randomized set of X-ray source positions, we re-match
with our QSOs to give the probability of a random false cross-match, which we ﬁnd
to be ∼5%, implying that less than one (i.e., approximately none) of our 17 X-ray
matches is likely to be false.
We deﬁne 3σ upper limits on the X-ray ﬂux of 13 of the 14 X-ray undetected
QSOs that lie in ﬁelds with X-ray coverage, based on the sensitivity limits at their
positions in the 2XMMi DR3. The one remaining source, QSO 154461, is in the
XMM ﬁeld and is technically covered by the 2XMMi DR3, but is very close to the
edge of the ﬁeld and no upper limit is available.
1We allow a radius of up to 2.5 times the X-ray source’s 1σ positional error (for positional errors
up to 2.5 arcseconds), i.e. up to a 2.5σ radius for each X-ray source, which was found to maximise
the number of matches while keeping the false match rate ≤5%, i.e. ≤1 false match in our sample.
2The Chandra 95% conﬁdence positional errors range from 1” for bright sources to ∼4” for
faint, oﬀ-axis sources (those not at the centre of the observation (Kim et al. (2004)), therefore our
search radius of 1 arcsecond is conservative.
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5.3 SED Modelling
We model the optical-to-FIR spectral energy distributions (SEDs) of our QSOs using
a method based on that of Rowan-Robinson et al. (2008) but adapted for broad-
line QSOs. The SED ﬁts involve two components. Firstly, the broad-line QSO
template of Richards et al. (2006) is ﬁtted from the optical to NIR shortwards of
3.2 µm, since our sources are selected to have broad emission lines. Richards et
al. (2006) constructed their broad-line QSO template by averaging the SEDs of 259
Type I SDSS quasars with 4-band Spitzer IRAC detections as well as 24 µm and
70 µm data (where available) from Spitzer MIPS. For each QSO, we have applied
the Calzetti et al. (2000) extinction law on the optical portion of this template, as
a free parameter. The resulting ﬁt thus comprises the broad-line SED with some
internal extinction, Av, which provides the lowest reduced χ
2 value to the data.
The infrared portion of the SED (from 2.5 to 1,000 µm) is then comprised of two
templates: ﬁrstly, the IR portion of the broad-line QSO template (whose parame-
ters are ﬁxed from the optical ﬁt). The IR portion of this template is comprised of
the Richards et al. (2006) SED, which extends out to 300 µm, and is extrapolated
using the Elvis et al. (1994) mean SED values from 300 µm out to 1,000 µm. This
composite template is presented in Ruiz et al. (2010) as “AGN1”.
Secondly, the routine models the selected IR QSO template in combination with
a M82 starburst, as well as an Arp220 starburst, both of which are IR templates from
Rowan-Robinson et al. (2005). The overall IR ﬁt selected is the starburst+QSO
template combination that provides the lowest reduced χ2 ﬁt to the IR data (from
2.5 µm onwards). These starburst (SB) templates have been used extensively for
SWIRE sources out to z∼3.5 (e.g., Rowan-Robinson et al. 2005, Oliver et al. 2010,
Trichas et al. 2010, Kalfountzou et al. 2011, Patel et al. 2011, Patel et al. 2013), as
well as in X-ray studies of QSOs (e.g., Georgakakis et al. 2010). The combination
of both an AGN and a SB template has been shown by previous studies to be a sen-
sible combination for this type of source. Hatziminaoglou et al. (2008, 2009) study
Type I and II SWIRE/SDSS AGN out to z=5.2 and perform SED ﬁtting of AGN
dust torus, M82 starburst, and Arp 220 starburst templates to Spitzer data up to
160 µm. They ﬁnd that, except for the lowest-z Type II sources, most AGN are
best ﬁt by using a SB template and an AGN template simultaneously. Additionally,
Hatziminaoglou et al. (2010) study the SEDs of HerMES AGN and ﬁnd that all
require a SB template in order to reproduce the observed SPIRE ﬂuxes.
We include SPIRE data for the non-SPIRE-detected sources, which by deﬁni-
tion have SNR<3 at 250 µm. By including all the available data, however low the
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SNR, we can obtain the best possible constraints on the FIR luminosities (and hence
SFRs) of these QSOs. We emphasise here that there will be large intrinsic errors on
these constraints and this is further discussed in Section 1.6.1.
We do not ﬁt data for which the passband contains or falls shortward of the
Lyman limit for any QSO, since these measurements are sensitive to material along
the line of sight rather than providing information about the QSOs themselves.
We note here that the use of far-infrared templates such as that of Richards
et al. and Elvis et al. are potentially problematic. Firstly, one must make the
implicit assumption that the observed FIR emission from their quasar samples are
purely AGN-driven, with no starburst contamination. Secondly, for both, the entire
template from 100 µm longwards is constrained solely by the 100 µm IRAS ﬂux.
However, these templates are very widely used due to a distinct lack of alternative
templates that incorporate longer wavelength (submm) data for a representative
sample of quasars.
5.3.1 Bolometric AGN Luminosities
Emission arising from accretion onto supermassive black holes peaks in the UV and
optical. Since we have high quality optical data directly probing the rest-frame UV
emission from the accretion disks of our QSOs, we estimate bolometric (radio-to-X-
ray) accretion luminosities, Lbol,acc, via the approximation:
Lbol,acc = 2× L0.1−3µm, (5.1)
as introduced in Rowan-Robinson et al. (2008). In our case, L0.1−3µm is extracted
from the optical broad-line QSO template ﬁtted to the SED (emission from star
formation is negligible compared to that of the QSO in the optical). Our optical
data have negligible errors, however Richards et al. (2006) state that using optical
luminosities from their QSO template to estimate bolometric luminosities can lead
to errors of up to 50% in the derived values, so we note that the bolometric lumi-
nosities we derive are approximate.
5.4 Virial Black Hole Masses
Black Hole mass-scaling relations utilise emission lines commonly arising from the
broad-line region, where the velocities of gas clouds orbiting the black hole can reach
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Figure 5.2: Examples of optical spectra from the Patel et al. (2011) QSO
subsample. The QSO ID, redshift and the position of the CIV λ1549 broad line
are displayed for each. Measurements of the broad CIV line for all six QSOs are
listed in Table A1.
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thousands of kms−1. The relations are calibrated from reverberation mapping and
are an empirical interpretation of the virialised motion of gas around a massive
central body (e.g., Blandford & McKee 1982).
In order to study broad emission lines in our QSOs we require ﬂux-calibrated
spectra, and we are therefore restricted to the 12 QSOs in the Patel et al. sample,
where ﬂux calibration was performed during reduction. The remaining spectra were
not observed with a photometric standard, or in photometric conditions, and so
cannot be ﬂux calibrated. At the redshift of the 12 Patel et al. QSOs, the CIV
λ1549 line should lie in the optical spectrum. Example spectra are displayed in
Figure 1.2.
We model the emission lines as having a Gaussian proﬁle and measure the full
width at half maximum (FWHM) of each line for use in the following black hole mass
estimation relation from Park et al. (2013), one of the most up-to-date CIV-based
mass estimators available, with its calibration improved using recent reverberation
mapping data and high quality UV spectra:
log
(
MBH
M⊙
)
= (7.48± 0.24) + (0.52± 0.09)
( λL
1350A˚
1044erg/s
)0.53
+(0.56± 0.48)log
(
FWHM(CIV )
1000km/s
)2
,
(5.2)
where λ is 1350A˚, L
1350A˚
is the continuum luminosity density at 1350A˚ (in units
of erg/s/cm2/A˚; this is extracted directly from the spectrum in our case) and
FWHM(CIV) is the FWHM of the CIV line in km/s. Park et al. apply their
estimator to the SDSS DR7 QSO catalog and ﬁnd that the SMBH masses (in units
of log(MBH/M⊙)) are typically ∼0.25 dex lower than the masses calculated by Shen
et al. (2011).
We use the splot routine in IRAF to derive the root mean square (rms) resid-
uals from a continuum ﬁt in the region of the spectrum where the emission line lies,
and this rms value is taken as the average ﬂux error on each data point in that region
of the spectrum. We then use the Peak ANalaysis (PAN)1 tool in IDL to perform in-
teractive ﬁtting of both the continuum and the broad emission line (with a Gaussian
proﬁle). PAN allows for a Monte-Carlo error estimate on the resultant FWHM by
constructing a number of synthetic datasets, based on both the original ﬂux values
and their errors. The resultant datasets are re-ﬁtted to the Gaussian distribution.
For each QSO, we create 100 synthetic datasets to construct the Monte-Carlo error
1http://www.ncnr.nist.gov/staﬀ/dimeo/panweb/pan.html
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estimate for the FWHM of the Gaussian ﬁt to the broad line.
FWHM measurements were made for 11/12 QSOs in the Patel et al. sample,
the exception being QSO 437040 where there is no visible emission at the position
of the CIV λ1549 line and PAN is unable to ﬁt a Gaussian proﬁle. We also note
that in QSO 449297, the CIV line displays blueward asymmetry2 and we performed
two ﬁts; one with a single Gaussian proﬁle and one with two Gaussian proﬁles. The
latter provides a ﬁt with the centre of the Gaussian located closest to the “true cen-
tre”, i.e., the wavelength at which the line is expected at that QSO’s redshift (and
χ2 is also lower, although due to ﬁtting a background component and two Gaussian
proﬁles, χ2 is likely to be lower due to overﬁtting). We elect to use the results of
the double-Gaussian proﬁle ﬁt and select the FWHM of the Gaussian proﬁle centred
closest to the “true centre” of the CIV line. This means we estimate a lower value
of FWHM (and hence SMBH mass) than if we had used the single-Gaussian ﬁt,
making our SMBH mass estimate for this QSO a possible underestimate.
5.5 X-ray Analysis
X-rays are particularly useful for studying AGN activity as they are emitted from
regions close to the SMBH (e.g., Peterson 1997). Their high energies mean that
they are generally able to pass through dense, obscuring regions of gas and dust,
such as the torus, which absorb lower-energy photons emitted by the accretion disk
(e.g., UV, optical). The hard waveband (2-8keV) is particularly useful as intrinsic
absorption is smaller at high energies.
X-ray emission from AGN is non-thermal, arising from accretion disk photons
being Compton up-scattered by the high-energy electrons in the halo of hot gas
surrounding the central engine. As such, the X-ray energy spectrum obeys a power
law of the form:
f(E) ∝ E1−Γ, (5.3)
where f(E) is the ﬂux density, E is the energy, and Γ is the photon index.1
2Blueward asymmetry in QSO broad lines is a common but poorly understood phenomenon
that is expected to correlate with both the observed geometry and wind properties (c.f. discussions
by Gordon et al. 2011).
1The deﬁnition Γ=1+α (where α is the spectral slope), such that f(E) ∝ E−α, is also common.
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5.5.1 X-ray Luminosities
We assume the X-ray spectra of all our QSOs follow a Γ=1.9 power law, which
is a standard prescription for unabsorbed AGN and has also been found for z∼3
Chandra QSOs (Miyaji et al. 2006). The presence of broad optical emission lines in
all our QSO spectra suggests that intrinsic absorption along the line of sight is not
signiﬁcant. This is supported by the low Av values derived in the SED ﬁts (Table
1.3).
The CSC data we use (for QSOs 178951 and 205425) are the Aperture Source
Photometry values; 0.5-7 keV ﬂuxes with an assumed power law of Γ=1.7, referred
to in the CSC as flux powlaw aper b. The available ﬂux for the shallow EN1 source
(QSO 195590) spans 0.5-8 keV, is corrected for Galactic absorption and is derived
assuming Γ=1.9. The X-ray data we have used from XMM − Newton are the
“EPIC” broad band 9 (0.5-4.5 keV) ﬂuxes from the 2XMMi DR3 catalog, which are
derived assuming Γ=1.7 and always have SNR>3 in this band for our QSOs. At the
redshifts of our QSOs, the lower end of the rest-frame energy range we are probing
with these data is always ≥1 keV. Intrinsic obscuration, which we have already
argued should be minimal in broad-line QSOs such as these, is most signiﬁcant at
rest-frame energies .1 keV so would have a negligible impact on the luminosities
we derive anyway.
To calculate 2-8 keV luminosities, we use WebPIMMS, the online X-ray data
conversion tool. For observed ﬂuxes derived assuming Γ=1.7 spectra, we convert
to a count rate, and then back to a ﬂux assuming Γ=1.9 spectra and corrected for
Galactic absorption2. We then calculate the rest-frame energy range and convert to
a 2-8 keV rest-frame ﬂux. Using the spectroscopic redshifts, the ﬂuxes are converted
to luminosities, which are listed in Table 1.5.
5.6 Results & Discussion
5.6.1 Spectral Energy Distributions
We display the ﬁtted optical-to-FIR spectral energy distributions for all our QSOs
in Figures 5.3 - 5.7 (see Table 5.3 for the parameters of these ﬁts). The dashed
dark-green template is the M82 starburst template, the dashed purple template is
the Arp220 starburst template and the dot-dash red template is the broad-line QSO
template which we force ﬁt in all cases (since these are all broad-line QSOs). The
2Galactic neutral hydrogen column values were extracted from the Colden tool:
http://cxc.harvard.edu/toolkit/colden.jsp
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Figure 5.3: SED ﬁts for our QSOs: Part 1/5
solid blue line is the linear sum of the two templates selected as the best ﬁt to the
observed data points (blue dots). 1σ error bars are displayed for all data points
but are typically too small to see, except in the SPIRE bands. The best-ﬁtting
templates to the SED of each QSO, as well as their relative fractional contributions
to the QSO’s 8-1000 µm emission, are stated in Table 1.2.
The typical values of internal extinction are low (≤0.56 for all, and negligible
(≈0) in 13 cases) as expected for Type I QSOs.
We shall now discuss the SED templates ﬁtted, and the FIR luminosities de-
rived from these ﬁts, ﬁrstly for the SPIRE-detected QSOs, and secondly for the
non-SPIRE-detected QSOs.
The SB template which best ﬁts the 6 SPIRE-detected QSOs is Arp220 in 4
cases, and M82 in 2 cases. The contribution of the starburst to the total 8-1000
µm luminosity is found to cover a broad range, from 29% - 92% (since we force a
broad-line QSO template to be ﬁtted, a 100% SB contribution is not possible), with
a mean of 59%, meaning the starburst-driven FIR luminosity typically equals or
exceeds that driven by the QSO.
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For the non-SPIRE-detected QSOs, the best constraint ﬁts suggest that most
of the SEDs are better ﬁt by an M82 starburst (25/29) than an Arp220 starburst
(4/29). The fractional contribution of the SB template to the 8-1000 µm luminosity
again covers a large range, from 13-92%. We further emphasise that these results
are of uncertain reliability due to poor-quality SPIRE data constraining the FIR
region of the SEDs. The true average starburst contribution could be either higher
or lower than we ﬁnd. Nonetheless, these best-guess ﬁts suggest that the average
contribution of the SB template to the total FIR luminosity is again approximately
equal to that of the QSO template, or slightly greater, which if correct would make
them consistent with our SPIRE-detected QSOs.
We note that the ﬁts for the non-SPIRE-detected QSOs 356783 and 455194
are particularly poor: the FIR SB template lies multiple standard deviations above
the SPIRE ﬂux in every band, due to the much higher SNR 24 µm point being
preferentially ﬁtted by the χ2 method. It is likely that the star-formation-driven
FIR luminosity in these sources has been considerably over-estimated, and therefore
we exclude these sources from any analysis of their star formation properties. QSO
211785 is also a poor ﬁt, again due to the template being pulled upwards by the
24 µm point, but the template lies just at the 3σ ﬂux upper limit in each of the
SPIRE bands, so we include this ﬁt in our analysis. There is a discrepancy between
the optical and NIR photometry for QSO 540763, which could either indicate an
unusual underlying SED or could be due to variability between the diﬀerent epochs
of observation.
5.6.2 FIR properties
We integrate over the starburst template ﬁtted to each QSO to yield the 8-1000
µm (FIR) luminosity from star formation alone. We also integrate over the QSO
template to yield the 8-1000 µm (FIR) luminosities from the QSO alone. Deriving
errors on these integrated luminosities is non-trivial and we approximate them as
fractional errors which are equivalent to the fractional (1σ) error on the highest
signal-to-noise SPIRE band. This is eﬀectively a compromise as the fractional errors
on the SPIRE data are larger than those of any other data we include.
For our SPIRE-detected QSOs, the derived 8-1000 µm luminosities from star
formation are 1011.38 - 1012.66L⊙; the host galaxies are LIRGs or ULIRGs without any
AGN contribution. The non-SPIRE-detected QSOs have derived starburst-driven
FIR luminosities which would also make them LIRGs or ULIRGs.
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Figure 5.4: SED ﬁts for our QSOs: Part 2/5
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Figure 5.5: SED ﬁts for our QSOs: Part 3/5
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Figure 5.6: SED ﬁts for our QSOs: Part 4/5
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Figure 5.7: SED ﬁts for our QSOs: Part 5/5
The total FIR luminosity of our 6 SPIRE-detected QSOs (i.e. starburst and
AGN contributions combined) is always in the ULIRG range. The same is true for
the best constraints on FIR luminosity for all our non-SPIRE-detected QSOs. A
recent study of 24 µm-selected quasars at 0.5≤z≤3.6 (Dai et al. 2012) used Herschel
SPIRE data to ﬁnd a range of total 8-1000 µm luminosities that extended to even
greater values (up to 1014L⊙) than for the QSOs in our sample.
5.6.3 Black Hole Masses: Spectral Measurements
Black hole mass estimates were calculated for 11 QSOs that have ﬂux-calibrated
optical spectra, using the CIV λ1549 broad emission line. We also measured the
FWHM values of the CIV λ1549 and/or MgII λ2800 lines (where present) for all
our QSOs, and these values are shown in Table 1.4. Six example spectra are shown
in Figure 1.8. We shall now comment on any sources for which there were problems
or irregularities in measuring the emission lines.
• QSOs 302309 and 375214: There is absorption in the central region of the
broad MgII line and so we removed the data points aﬀected by absorption
and ﬁtted a Gaussian to the remaining points, meaning that we will proba-
bly have underestimated the peak of the emission line, and therefore likely
overestimated the FWHM.
• QSO 178951: We have two optical spectra in diﬀering wavelength ranges for
this QSO, and both CIV λ1549 and MgII λ2800 are present. However, the
SNR in the region of the CIV line is very low, and the FWHM of CIV is
unconstrained.
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IDa zb SBc SEDd rχ2IR
e SPIREf rχ2opt
g Av
h
6065 2.58 92% M82 4.7 N 1.8 0.
19760 2.55 24% M82 2.1 N 8.0 0.
32604 2.83 92% M82 3.3 Y 3.4 0.24
72739 2.7 91% M82 8.7 N 2.8 0.22
87332 3.29 81% M82 0.3 N 4.3 0.12
103898 1.18 29% Arp220 1.4 Y 5.2 0.56
144466 1.28 79% M82 15.0 N 6.8 0.
151135 3.77 28% M82 6.2 N 1.2 0.12
152091 2.9 54% M82 7.1 N 2.8 0.
152775 1.96 14% Arp220 3.2 N 0.3 0.13
154461 2.1 61% M82 7.0 N 1.0 0.
178951 2.02 43% M82 0.8 Y 1.5 0.17
183070 2.26 81% M82 0.2 N 0.8 0.06
185197 2.87 54% M82 0.1 N 1.0 0.07
185364 2.38 64% M82 0.5 N 1.4 0.24
190221 2.85 62% Arp220 2.2 Y 2.5 0.12
195590 2.38 34% Arp220 2.2 N 1.8 0.08
205425 3.17 59% Arp220 20.6 Y 2.1 0.27
211785 2.39 67% M82 4.6 N 4.7 0.
237829 3.4 13% Arp220 3.9 N 1.9 0.
271694 3.19 22% M82 12.0 N 4.2 0.14
288116 3.09 84% M82 2.6 N 3.2 0.
302309 1.37 72% M82 8.0 N 0.3 0.13
304323 3.95 52% M82 10.1 N 1.5 0.04
304582 2.58 32% Arp220 0.4 N 6.2 0.36
306191 2.22 15% M82 0.1 N 4.7 0.
356783 3.71 76% M82 6.3 N 4.7 0.
375214 1.31 27% M82 2.9 N 4.1 0.15
388849 3.91 65% M82 21.9 N 3.0 0.16
437040 3.87 53% M82 11.3 N 2.6 0.
444335 2.65 78% M82 3.0 N 1.7 0.14
449297 2.46 27% M82 0.3 N 3.2 0.
455194 3.55 83% M82 3.4 N 2.0 0.
512643 2.13 66% Arp220 1.8 Y 1.2 0.37
540763 3.4 84% M82 11.8 N 11.2 0.25
Table 5.3: SED ﬁt parameters for our QSOs. a SWIRE ID, b Spectroscopic
redshift, c The contribution to the 8-1000 µm luminosity from the 2.5-1000 µm
SB SED template, d The best-ﬁtting SB template to the FIR SED, e The reduced
χ2 of the overall FIR template ﬁt (the FIR portion of the broad-line QSO template
in combination with the SB template). f A ﬂag indicating whether the QSO has
a ≥3σ detection at 250 µm (Y=Yes, N=No), g The reduced χ2 of the broad-line
QSO template ﬁt to the optical SED only, g The internal extinction.
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Figure 5.8: Black hole mass against redshift for our sample. Each data point is
displayed with the 1σ error on its black hole mass.
• QSOs 19760, 190221: Signiﬁcant absorption at the centre of the CIV line
renders ﬁtting impossible.
• QSO 72739: This spectrum has a low signal-to-noise and PAN does not resolve
a Gaussian at the position of the CIV line.
• QSOs 32604, 87332, 211785, 437040, 512643: There is no visible emission in
the region of the CIV line. Also, for 512643, the SNR is very low.
• QSO 356783 The CIV line appears to be narrow, implying either that the BLR
contains no CIV-emitting clouds or that the viewing angle is such that the
section of the BLR containing high-velocity CIV-emitting clouds is obscured.
• QSOs 304323, 388849: These are our two highest reshift QSOs (z≥3.91), and
in both the CIV line lies outside of the optical spectrum, which in both cases
terminates at 7500A˚.
• QSOs 195590: We have two spectra for this QSO, giving consistent CIV
FWHM values of (107.6±10.0)A˚ and (103.2±7.5)A˚, with a χ2 of 1.03 and
1.04 respectively. Table 1.4 lists the average value
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ID z Line Fitted FWHM (A˚) χ2
6065* 2.58 CIV 109.7 ± 13.0 1.19
103898 1.18 MgII 64.4 ± 9.3 0.71
144466 1.28 MgII 75.7 ± 8.8 0.88
151135* 3.77 CIV 29.1 ± 5.8 2.60
152091 2.9 CIV 128.7 ± 15.6 0.87
152775 1.96 CIV 124.9 ± 15.9 1.13
154461* 2.1 CIV 32.2 ± 95.0 0.56
178951 2.02 MgII 103.2 ± 19.1 0.91
183070* 2.26 CIV 85.1 ± 5.9 2.01
185197* 2.87 CIV 102.4 ± 11.8 1.23
185364* 2.38 CIV 142.0 ± 12.3 0.92
195590 2.38 CIV 105.4 ± 6.3 1.04
205425 3.17 CIV 168.7 ± 6.0 1.01
237829* 3.4 CIV 73.0 ± 12.9 0.91
271694 3.19 CIV 127.5 ± 26.5 1.37
288116 3.09 CIV 82.8 ± 12.5 1.53
302309 1.37 MgII 98.3 ± 16.0 0.63
304582* 2.58 CIV 72.5 ± 11.8 1.41
306191 2.22 CIV 142.7 ± 9.0 0.79
375214 1.31 MgII 84.0 ± 30.4 1.27
444335* 2.65 CIV 72.0 ± 6.5 1.26
449297* 2.46 CIV 69.7 ± 11.0 0.80
455194* 3.56 CIV 132.1 ± 2.8 33.19
540763 3.4 CIV 103.3 ± 16.6 0.96
Table 5.4: Derived observed-frame FWHM values for the CIV and/or MgII lines
present in the spectra for all QSOs for which this measurement was possible. An
asterisk (*) is used to denote the QSOs for which we have ﬂux-calibrated spectra
and thus were able to derive black hole masses.
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5.6.4 Black Hole Masses: Derived Values
The calculated black hole mass estimates are displayed in Table 1.5 and range from
7.22≤log(MBH/M⊙)≤8.21. We propagate the errors from both the FWHM mea-
surements and the continuum luminosity density measurements to obtain an error
estimate on the black hole masses. The estimated scatter on the Park et al. (2013)
CIV estimator that we use is 0.35 dex, which we add in quadrature with the calcu-
lated error to obtain an overall uncertainty. The errors associated with the derived
masses are large (0.5 dex and upwards), partly due to noisy spectra, but mainly
arising from the considerable uncertainties intrinsic to the correlation as well as the
scatter between the correlation and the “true” masses of the black holes from which
it is derived (see Park et al. 2013). The main eﬀect of the large errors is that,
although we can calculate Eddington Ratios, the errors are so large that they are
eﬀectively unconstrained and so we do not detail them here except to note that
within 1σ they are consistent with sub-Eddington accretion.
Figure 1.8 shows the 11 measured SMBH masses. Using their estimator, Park
et al. (2013) ﬁnd a corrected black hole mass function for SDSS DR7 QSOs which
remains roughly ﬂat at ∼109 M⊙ between 2<z<4, the redshift range over which
we have mass estimates. Although the errors on our estimates are large, the black
holes in our QSOs all appear to be signiﬁcantly (an order of magnitude) less massive
than the average SDSS DR7 QSO. The SDSS DR7 QSO Catalog is not statistically
complete as the selection of the sample is non-heterogeneous; it is an amalgamation
of 7 subsamples (see Schneider et al. 2010). As mentioned in Section 1.2, our full
sample has a median r-magnitude that is over 0.6 magnitudes fainter than that
of QSOs in the SDSS DR7 catalog in the same redshift range (1<z<4). However,
all the QSOs for which we can measure SMBH mass are at z>2. Therefore, we
compare the median r-magnitude of our QSOs with SMBH mass estimates, with
that of 2<z<4 SDSS DR7 QSOs, and the discrepancy is slightly reduced: our QSOs
are half a magnitude fainter than their SDSS counterparts. However, this is still
a signiﬁcant diﬀerence, and since black hole mass scales with optical luminosity, it
is logical that our sample contains a lower average SMBH mass. A 0.5 magnitude
reduction in r corresponds to a reduction in ﬂux by a factor of ∼1.6 and therefore, at
the same redshift, would reduce the derived SMBH mass (Equation 2) by ∼0.8 dex,
approximately consistent with the observed oﬀset between our masses and those of
the SDSS DR7 QSOs.
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5.6.5 Star Formation Rates
As introduced in Chapter 2, Kennicutt (1998) perform stellar population synthesis
for a starburst with a Salpeter initial mass function (IMF), in order to gauge the
relationship between FIR luminosity and SFR. This yields:
L8−1000µm (erg/s)× 4.5× 10
−44 = SFR (M⊙/yr). (5.4)
We apply this relation to our QSOs and the resulting SFR estimates are listed in
Table 1.5. They range up to 800 M⊙/yr for SPIRE-detected QSOs, while non-
SPIRE-detected QSOs have SFRs ranging up to 1250 M⊙/yr (not including QSOs
356783 or 455194, as discussed in Section 1.6.1). These SFRs are consistent with
those of high-z starbursts in other FIR and submm studies (e.g., Barger et al. 2012,
Dai et al. 2012, Lutz et al. 2008).
QSO 178951, our only QSO with an SDSS spectrum, is also studied by Herna´n-
Caballero et al. (2009), who measure PAH features in the host galaxy. Their SFR
estimate is 286 M⊙/yr (they have not provided an associated uncertainty), which
they suggest may be an underestimate: stacking 70 µm and 160 µm photometry
for their full sample of 70 infrared-luminous galaxies (QSO 178951 included) yields
a FIR luminosity three times greater than that implied by the average PAH-based
SFR, suggesting the PAH molecules are being destroyed by high energy photons
emitted in the vicinity of the AGN. We have SNR>3 250 µm SPIRE data for this
QSO and our ﬁtting routine is able to reconstruct the observed SED well, suggesting
the AGN emission makes an important (43%) contribution to the FIR luminosity.
Our SFR is 199±41 M⊙/yr, in fact consistent with the Herna´n-Caballero et al. es-
timate within 3σ, implying that their PAH-based SFR is reliable for this source at
least.
5.6.6 X-ray Luminosities
Seventeen of our QSOs have 2-8 keV X-ray luminosities exceeding 1044 erg/s based
on 3σ detections, meaning at least half of our QSOs are extremely X-ray luminous
and therefore rapidly accreting (e.g., Ebrero et al. 2009). The remaining 13 QSOs
with X-ray data have 2-8 keV luminosity 3σ upper limits of 1044−46.5 erg/s. We note
that ∼10% of our QSOs are expected to suﬀer from X-ray absorption (Mateos et al.
2005), so their X-ray luminosities may be underestimated.
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Figure 5.9: A comparison of optical 0.1-3 µm luminosity and X-ray 2-8 keV
luminosity. The red crosses are X-ray detections displayed with 1σ error bars and
the blue arrows are 3σ upper limits on the X-ray luminosities. The errors on the
optical luminosities are negligible as we have high quality optical data for all our
QSOs.
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Figure 5.10: The relation between 8-1000 µm AGN luminosity and 2-8keV X-
ray luminosity for our sources. Stars represent SPIRE-detected QSOs. Red data
points represent 3σ X-ray detections, while blue data points represent QSOs with
X-ray upper limits only.
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ID IAU Name z log(LIR,SB) SFR log(LIR,AGN ) log(Lx) log(Lbol,acc) log(MBH) M˙
6065 - 2.58 12.34+0.31
−12.28 375
+387
−375
11.23+0.31
−12.28 <44.3
+0.2
−0.1 45.5 7.91±0.67 0.6
19760 - 2.55 11.71+0.29
−1.15 88±82 12.13
+0.29
−1.15 <44.2
+0.2
−0.3 46.4 - 4.4
32604 - 2.83 12.66+0.03
−0.04 793±63 11.57
+0.03
−0.04 - 45.8 - 1.1
72739 - 2.7 12.86+0.04
−0.05 1254±125 11.82
+0.04
−0.05 <44.51 46.1 - 2.2
87332 - 3.29 12.39+0.14
−0.21 425±166 11.74
+0.14
−0.21 <44.8 46.0 - 1.8
103898 - 1.18 11.38+0.11
−0.15 41±12 11.73
+0.11
−0.15 - 46.0 - 1.8
144466 2XMMi J022542.1-052952 1.28 12.16+0.17
−0.28 253±119 11.48
+0.17
−0.28 44.4
+0.02
−0.03 45.8 - 1.1
151135 - 3.77 <11.55 <61 <11.95 <46.6 46.2 7.22±0.64 2.8
152091 - 2.9 12.10+0.29
−1.15 218±203 12.04
+0.29
−1.15 <44.5 46.3 - 3.5
152775 - 1.96 11.17+0.16
−0.26 26±12 11.94
+0.16
−0.26 - 46.2 - 2.8
154461 - 2.1 <12.04 <189 <11.84 - 46.1 7.94±1.74 2.2
178951 CXO J161007.1+535813 2.02 12.06+0.07
−0.10 199±41 12.17
+0.07
−0.10 44.58
+0.13
−0.14 46.4 - 4.4
183070 2XMM J022229.6-044940 2.26 12.25+0.13
−0.19 308±111 11.61
+0.13
−0.19 44.40
+0.07
−0.09 45.9 7.79±0.80 1.4
185197 2XMM J022255.5-044410 2.87 11.81+0.24
−0.60 112±84 11.75
+0.24
−0.60 44.63
+0.06
−0.07 46.0 8.08±0.61 1.8
185364 2XMM J022337.4-044006 2.38 12.22+0.20
−0.38 286±166 11.89
+0.20
−0.38 44.62±0.05 46.2 8.15±0.67 2.8
190221 2XMM J160943.7+541659 2.85 12.13+0.10
−0.13 235±60 11.91
+0.10
−0.13 44.74
+0.11
−0.17 46.2 - 2.8
195590 - 2.38 11.60+0.16
−0.24 69±30 11.88
+0.10
−0.13 44.58
+0.35
−0.36 46.2 - 2.8
205425 CXO J161132.1+542309 3.17 11.99+0.10
−0.13 171±44 11.82
+0.10
−0.13 45.02±0.06 46.1 - 2.2
211785 - 2.39 12.74+0.18
−0.30 945±472 12.11
+0.18
−0.30 <44.1 46.4 - 4.4
237829 2XMM J105125.3+573050 3.4 11.15+0.25
−0.64 25±19 12.06
+0.25
−0.64 44.92±0.05 46.3 8.21±0.54 3.5
271694 - 3.19 12.54+0.53
−11.46 596
+1406
−596
12.01+0.53
−11.46 - 46.3 - 3.5
288116 - 3.09 12.52+0.13
−0.18 573±195 11.81
+0.13
−0.18 <45.65
+0.05
−0.06 46.1 - 2.2
302309 2XMM J022142.4-053603 1.37 12.42+0.15
−0.23 452±185 11.74
+0.15
−0.23 44.99
+0.03
−0.02 46.0 - 1.8
304323 - 3.95 12.38+0.14
−0.21 417±163 12.28
+0.14
−0.21 <44.70
+0.08
−0.10 46.6 - 7.0
304582 2XMM J022049.4-053730 2.58 11.94+0.12
−0.17 151±50 12.23
+0.12
−0.17 45.26
+0.03
−0.04 46.5 7.99±0.58 5.6
306191 2XMM J022152.7-052927 2.22 11.63+0.43
−11.72 74
+123
−74
11.87+0.43
−11.72 44.79±0.04 46.1 - 2.2
356783 2XMM J022100.3-042327 3.71 13.16+0.26
−0.80 2473±2077 11.99
+0.26
−0.80 44.85
+0.08
−0.09 46.3 - 3.5
375214 2XMMi J021949.4-040307 1.31 11.43+1.80
−11.36 47
+2933
−47
11.79+1.80
−11.36 44.59
+0.05
−0.06 46.1 - 2.2
388849 - 3.91 12.32+0.16
−0.25 362±159 12.04
+0.16
−0.25 <45.2 46.3 - 3.5
437040 2XMMi J021952.8-055958 3.87 12.36+0.15
−0.23 396±163 12.31
+0.15
−0.23 44.83
+0.10
−0.13 46.6 - 7.0
444335 - 2.65 11.99+0.28
−1.0 169±152 11.43
+0.28
−1.0 <45.6 45.7 7.92±0.59 0.9
449297 2XMMi J021739.3-055305 2.46 11.46+0.42
−11.54 50
+82
−50
11.97+0.42
−11.54 44.09
+0.08
−0.09 46.2 8.14±0.57 2.8
455194 2XMMi J021734.9-054439 3.56 13.10+0.37
−12.51 2172
+2867
−2172
11.81+0.37
−12.51 44.67±0.07 46.1 7.90±0.65 2.2
512643 - 2.13 12.38+0.09
−0.11 418±95 12.06
+0.09
−0.11 <44.4 46.3 - 3.5
540763 - 3.4 12.73+0.11
−0.14 929±260 11.99
+0.11
−0.14 <46.5 46.3 - 3.5
Table 5.5: Derived properties of our QSO sample: IAU name (for 16/17 of our X-ray detected QSOs; the remaining X-ray detected
QSO, 195590, has X-ray data from the shallow EN1 Chandra catalog of Trichas et al. 2009), the 8-1000 µm luminosity of the
SB template (in units of log(LIR,SB/L⊙) for SPIRE-detected QSOs (or ‘best guess’ for QSOs with SNR<3 at 250 µm), the Star
Formation Rate (or ‘best guess’) in M⊙/yr, the 8-1000 µm AGN Luminosity (in units of log(LIR,AGN/L⊙), or ‘best guess’ for QSOs
with SNR<3 at 250 µm), the rest-frame 2-8keV luminosity or 3σ upper limit (in units of log(Lx/erg/s)), the bolometric accretion
luminosity (=2×L0.1−3µm from the optical broad-line QSO template ﬁt) in units of log(Lbol,acc/erg/s), the black hole mass (in units
of log(MBH/M⊙)), and the Mass Accretion Rate (in units of M⊙/yr, and assuming an accretion eﬃciency of η=0.1).
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Figure 1.9 shows both 0.1-3 µm luminosity and 2-8 keV luminosity. Optical and
X-ray emission are dominated by the QSO and both are probing accretion activity,
with the emission coming from either the disk (optical) or the hot corona (X-ray).
Optical and X-ray luminosities are typically found to obey a complex correlation
via some non-linear relation in Type I QSOs (e.g. Kriss 1988), which may depend
on the optical-to-X-ray spectral slope, αox. Because we ﬁx the X-ray spectral slope
to Γ=1.9 for our QSOs, this may disguise any intrinsic correlation.
Our SED ﬁts separate the SB contribution to the FIR luminosity from that of
the QSO, so our QSO FIR luminosities should arise solely from the dust torus or
AGN-heated gas and dust. Figure 1.10 compares QSO FIR luminosity with X-ray
luminosity: the emission in each waveband appears independent, though our QSOs
are typically an order of magnitude more luminous in the FIR than in the X-ray.
A positive correlation was found between FIR luminosity and X-ray-to-near-IR
luminosity by Rowan-Robinson, Valtchanov & Nandra (2009), for 306 X-ray-selected
AGN of a typically lower X-ray luminosity than our QSOs, which they suggested
was due to a shared fuelling mechanism for both the starburst and the AGN. There
is no such correlation apparent in our QSOs, although our sample is considerably
smaller than theirs.
5.6.7 AGN and Star Formation Properties
In Figure 1.11 we show SFR against 2-8 keV X-ray luminosity, eﬀectively probing the
respective growth rates of the host galaxy (SFR) and a proxy for the accretion rate
of the QSO (X-ray luminosity). For 1<z<3 X-ray detected AGN with L2−8keV >10
44
erg/s, Page et al. (2012) and Harrison et al. (2012b) stack SPIRE data to ﬁnd an
average SFR of no more than 100 M⊙/yr. Our non-SPIRE-detected QSOs, which
all fall into this X-ray luminosity range, typically have large uncertainties on their
SFRs so we cannot rule out that the true mean SFR for our full sample is consistent
with ∼100 M⊙/yr.
The derived bolometric accretion luminosities in these QSOs (calculated using
Equation 1) are given in Table 1.5 and are on the order of 1046 erg/s with an intrinsic
error of up to 50%, as discussed earlier. If we assume a typical black hole accre-
tion eﬃciency of η=0.1, then we can estimate approximate mass accretion rates, M˙ ,
according to the bolometric luminosity of our QSOs (again from Equation 1), Lbol,acc:
Lbol,acc = ηM˙c
2. (5.5)
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Figure 5.11: SFR vs 2-8 keV luminosity. SPIRE-detected QSOs are shown as
stars. Data points are displayed with 1-σ uncertainties and lower error bars that
reach the bottom of the plot extend to zero. Arrows represent upper limits on
the 3σ X-ray luminosities or SFRs. We separate the plot into two redshift bins:
blue data points are QSOs at z<2.5 while red data points are QSOs at z>2.5,
with z=2.5 being the mid-range redshift of our sample. Higher redshift sources
typically have higher X-ray luminosities (or upper limits) and SFRs, consistent
with the Malmquist bias.
These mass accretion rates range from ∼1-7 M⊙/yr (see Table 1.5). Therefore, as
shown in Figure 1.12, the rate of host galaxy growth (i.e. SFR) is typically tens
or hundreds of times greater than the SMBH accretion rate of our QSOs, implying
an average ratio between the two of approximately 100:1. Even if we only con-
sider our 6 SPIRE-detected QSOs, the average ratio is (178±93):1, with 5/6 having
ratios of approximately 100:1, while the sixth (QSO 32604) has a ratio consistent
(within measurement uncertainties) with 1,000:1. The non-SPIRE-detected QSOs
have unreliable SFR estimates, but the majority sit at SFR-to-accretion ratios of
considerably less than 1,000:1.
Comparatively, the average ratio of SFR-to-accretion ratio in low-to-medium
luminosity AGN appears to be 1,000:1, with this value having been observed for
23,000 low-redshift Type II SDSS AGN (Heckman et al. 2004) and appearing to
hold out to z∼2 (Daddi et al. 2007, Mullaney et al. 2012) for low-to-medium
luminosity AGN not exceeding an unobscured 2-8keV luminosity of 4×1043 erg/s,
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suggesting the ratio may not evolve over appreciable lengths of cosmic time. This
relation has not previously been explored for AGN of higher luminosities, such as our
QSOs. However, the fact that we here ﬁnd a ratio of host galaxy growth : black hole
growth which is roughly an order of magnitude less than that of lower-luminosity
AGN suggests that, even with our typically large SFR uncertainties, there may be a
real diﬀerence at play between these populations. We shall here discuss the possible
explanations for this, and how they could be tested.
The M-σ relation establishes that black hole mass growth and bulge growth are
fundamentally linked but does not necessarily imply that accretion and star forma-
tion occur concurrently throughout cosmic time. Santini et al. (2013) ﬁnd that the
gas fraction is observed to increase out to z=2; it decreases with stellar mass and
increases with star formation rate, meaning the growth of stellar mass through star
formation has depleted galaxies’ gas reservoirs over time. A positive trend between
star formation rate and gas fraction is sensible since there is a relatively larger gas
reservoir in the galaxy, and such a condition should allow the black hole to also
grow, providing a logical explanation for the observed ﬁxed ratio between black hole
growth rate and star formation rate out to z=2. However, beyond this redshift
(where most of our QSOs lie), and for AGN with these extreme luminosities, the
expected ratio is unclear. There is a wealth of literature suggesting that the most
rapidly accreting AGN are able to quench star formation in their hosts, through
feedback (e.g. Hopkins et al. 2006, Croton et al. 2006, Farrah et al. 2012, Cano-
Dı´az et al. 2012, Page et al. 2012, Trichas et al. 2012). If the SFR is reduced
through feedback, it is plausible that the SFR : accretion rate ratio may resultingly
decrease.
Our understanding of the relationship between star formation and accretion
in QSOs has increased considerably in recent years: Bonﬁeld et al. (2011) stud-
ied optically-selected QSOs with Herschel detections across a broad redshift range
(0<z<5) and ﬁnd that there is a correlation between IR luminosity (with the as-
sumption that this arises from star formation only) and accretion luminosity, but
with a strong dependence on redshift such that for a given accretion luminosity the
IR luminosity (SFR) increases as redshift increases. Additionally, they note a small
dispersion in the IR luminosity - accretion luminosity correlation, and suggest this is
indeed due to a physical connection between star formation and black hole growth;
i.e. they feed from the same gas reservoir. Feltre et al. (2013) ﬁnd a positive corre-
lation between FIR-based SFR and accretion luminosity in Herschel-selected AGN
at 0<z<3 with similar accretion luminosities to ours, potentially hinting that a SFR
: accretion rate ratio of some value is upheld at the higher luminosities, but they
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Figure 5.12: SMBH assembly rate compared to SFR (host galaxy mass assembly
rate) for our QSOs. We show 50% error bars either side of the SMBH accretion
rates, which is the maximum error we expect from using the optical luminosity as a
bolometric estimator. Red stars represent SPIRE-detected QSOs whilst blue dots
represent the “best guess” values of the SFR for non-SPIRE-detected QSOs, and
the 1σ uncertainty is shown for each SFR. The dot-dashed lines represent, from
the bottom upwards, ratios of accretion rate to SFR of 1,000:1, 500:1, 250:1, 100:1.
The average ratio found in 0<z<2 lower-luminosity AGN is 1,000:1 (Heckman et
al. 2004, Daddi et al. 2007, Mullaney et al. 2012).
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do note that this correlation appears to weaken in the most luminous AGN, with
the increase in SFR becoming “less prominent”. Our results provide another per-
spective on the same phenomenon, hinting at a lower SFR-to-accretion ratio than
1,000:1 for QSOs, which could imply that there is an “excess” of SMBH accretion
occuring in these QSOs relative to the amount of star formation in the host galaxy.
A possible explanation could be the suppression of star formation via feedback from
the rapidly-accreting black hole, as has recently been observed in 1<z<3 X-ray lu-
minous QSOs (Page et al. 2012).
These results warrant further investigation with larger samples of QSOs, as
with our small sample we are prone to bias arising from having selected the most
luminous AGN: even in lower-luminosity AGN, where the SFR-to-accretion ratio
averages to 1000:1, individual sources show signiﬁcant scatter. Through selecting
highly luminous QSOs as we have, we may have cherry-picked the most rapidly
accreting sources from the tail of the population that exhibits the greatest scatter
from the average ratio. A more homogenous and statistically complete QSO sample
is needed to gauge the true average SFR-to-accretion ratio in high-luminosity AGN.
5.7 Conclusions
We have performed a novel examination of the optical, X-ray and FIR properties
of 1<z<4 optically-luminous SWIRE QSOs, comparing both the AGN and star for-
mation activity.
We model optical-to-FIR SEDs, incorporating HerMES-SPIRE photometry for
all QSOs. All SPIRE-detected QSOs require both an AGN and a starburst compo-
nent to ﬁt their observed SED, and the host galaxies are (U)LIRGs, with luminosities
of L8−1000µm >10
11 L⊙. We have found that both star formation and AGN activ-
ity are likely important contributors to the high IR luminosities of these sources.
QSOs which are not SPIRE-detected have poor FIR constraints but their estimated
FIR luminosities and SFRs are broadly consistent with those of the SPIRE-detected
QSOs.
Black hole masses were estimated for 11 QSOs using the CIV broad line. The
range of derived masses is 7.22≤log(MBH/M⊙) ≤8.21, up to an order of magnitude
lower than the average for SDSS DR7 QSOs in the same redshift range, with this
diﬀerence likely due to selection eﬀects - our sample is, on average, fainter in the
optical.
The 2-8 keV X-ray luminosities (or upper limits) of our QSOs with X-ray data
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all exceed 1044 erg/s. Between 1<z<3, this corresponds to the knee in the QSO
luminosity function: above this luminosity the number density drops oﬀ, implying
that our QSOs extend into the rapidly accreting tail of the population. Indeed, we
demonstrate that the current mass accretion rates of these SMBHs are typically a
few M⊙/yr for a standard accretion eﬃciency of η=0.1.
Our QSOs appear to exhibit an average ratio of SFR to SMBH accretion rate
of ∼100:1, with all but four QSOs exhibiting ratios of 250:1 or less. Our QSOs
therefore have SFR-to-accretion ratios signiﬁcantly lower than the value of 1000:1
found in lower luminosity AGN. At least a subset of our QSO hosts therefore appear
to have a star formation rate “deﬁcit” given their black hole accretion rates, which
could be indicative of star formation suppression via AGN feedback, although more
work with larger samples is needed to verify this altered ratio in the wider QSO
population.
In summation, we have identiﬁed a sample of QSOs that contain rapidly ac-
creting black holes and their SPIRE-detected (non-SPIRE-detected) host galaxies
have derived SFRs reaching 800 (1,300) M⊙/yr, consistent with other high-redshift
QSOs. We have therefore added to a small but growing pool of known QSOs that not
only have both their X-ray and FIR properties measured but that are also rapidly
accreting and could potentially be providing negative feedback into their host galax-
ies. Similar future studies with larger QSO samples will be invaluable in reﬁning
our constraints on galaxy-AGN co-evolution at the high-luminosity end of the pop-
ulation. The SDSS Baryon Oscillation Spectroscopic Survey (BOSS) program will,
once completed, provide large new samples of spectroscopically-conﬁrmed quasars
at high redshift (<z>=2.5; e.g. Paˆris et al. 2012) in ﬁelds with both Herschel and
Spitzer photometry, providing an ideal opportunity to further this study.
187
Chapter 6
Conclusions
This thesis has focused on three samples of FIR-selected galaxies to explore the con-
nection between AGN and star formation in the local, medium-redshift and high-
redshift Universe.
We show that IR-selected local galaxies show a fundamentally diﬀerent colour-
magnitude distribution than those in optically-selected samples, with the red se-
quence - blue cloud bimodality disappearing as the population is seen to be centred
in the green valley before extinction correction. Accounting for dust attenutation
in the host galaxies shifts the distribution into the blue cloud, consistent with an
IR-selection preferentially selecting starforming galaxies. In the local Universe, de-
pending on morphology, the peak SFR at ﬁxed stellar mass can typically either be
increased (Barred Spirals), decreased (Ellipticals), or unchanged (Spirals, Irregulars
and Mergers) in the presence of an AGN, which may be dependent on AGN lu-
minosity. We ascertain that AGN are more commonly seen in disk galaxies with
a bar, while both AGN fraction and bar fraction increase as one looks to redder
galaxies. Contrary to multiple previous studies, we do not ﬁnd a statistically sig-
niﬁcant increase in SFR in Barred Spirals relative to normal Spirals. This may be
because we are detecting more obscured and more star-forming Spirals than are seen
in optically-selected samples.
In the medium-redshift Universe, we explore some of the highest-luminosity
galaxies, ﬁnding evidence of AGN in a high fraction of these sources (at least 89%),
in keeping wih the theory that these two types of activity occur in tandem in highly
luminous galaxies. We also show that a commonly used photometric method of red-
shift estimation contains serious ﬂaws in accuracy, consistently overestimating the
redshifts of such sources by an average factor of zphot/zspec=1.7, overestimating the
numbers of the very highest-luminosity galaxies and causing miscalculation of the
high-luminosity IR Luminosity Function: the most extremely starforming galaxies
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are even rarer than previously thought. This section of the IR Luminosity Function
is especially crucial for understanding the evolution of star forming galaxies, and
one must be able to make accurate comparisons with the AGN luminosity function
as both are fundamental ingredients in developing accurate numerical simulations
of galaxy evolution.
Finally, in high-z QSOs we conﬁrm that rapid accretion is occuring onto rel-
atively low-mass black holes, and we ﬁnd tentative evidence that star formation
suppression may be occuring in these galaxies: their SFR:accretion rate ratio aver-
ages 100:1. This is considerably lower than the typical value of 1000:1 that is seen in
low-to-medium luminosity AGN in the local Universe and that is thought to result
in the mean 1000:1 bulge-to-SMBH mass ratio seen today. This may imply that
high redshift or high luminosity (or both) AGN feed back into their host galaxies in
a fundamentally diﬀerent way than lower-redshift, lower-luminosity AGN.
In summary, our results from all three samples add further weight to the lit-
erature in supporting the idea that there is a strong interplay between AGN and
star formation activity at all cosmic epochs. We have shown how the relationship
varies with galaxy morphology, and in the high redshift Universe the growth rates
of both AGN (via accretion) and stellar mass (via star formation) appear to share a
diﬀerent relation than at low redshifts, which we have attempted to quantify. Simu-
lations of the co-evolution of AGN and star formation across all redshifts may have
been hindered by miscalculation of Luminosity Functions, and we ﬁnd an average
fractional correction that can be applied to photometric redshifts of high-luminosity
sources.
We shall now propose, for each section of the thesis, additional work which
should be undertaken to conﬁrm and expand upon our results, and to further our
understanding of the AGN-star formation connection.
6.1 A New Morphological Catalogue of Local In-
frared Galaxies
The M-IIFSCz Colour-Magnitude Diagram peaks in the green valley, which is sur-
prising for a sample selected to be star-forming: in optical studies, the green valley
is regarded as a transition region. Schawinski et al. (2010) study 47,675 galaxies at
0.02<z<0.05, again selected by the SDSS, and ﬁnd that galaxies which host AGN
generally reside in the green valley (in agreement with the Salim et al. 2007 AGN
sample). Schawinski et al. suggest that these are post-starburst, and AGN activity
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has passed to them through downsizing: these are the less massive and less lumi-
nous versions of the high-redshift AGN hosts. With the M-IIFSCz, however, we
may have revealed a diﬀerent picture of the green valley: this population overall has
a greater mean SFR than that of the SDSS galaxy catalogue and are therefore, on
average, more starforming than their optically-selected counterparts (as conﬁrmed
by the shift of the majority of the population to the blue cloud upon dereddening).
The logical next step would be to test the Schawinski et al. suggestion that green
valley galaxies are post-starburst by examining the star formation histories of the
M-IIFSCz galaxies. If they have not recently completed a starburst phase, this may
suggest that when one considers the entire galaxy population, the green valley and
the blue cloud are one large area on the CMD, with no division between the two, and
that star forming galaxies are spread across a much larger region than previously
thought.
We examined the agreement between diﬀerent SFR estimates and found that
FIR-based SFRs typically overestimate the SFR relative to Hα and MAGPHYS-
based estimators. This can be explained by older stars contributing to dust heating
such that the FIR emission does not just arise from ongoing star formation. This
overestimation may be particularly problematic in recently quenched, post-major
merger galaxies: a recent simulation-based study by Hayward et al. (2014) has pro-
posed that FIR-based SFRs can indicate that such galaxies are still in a starburst
phase when in fact they have recently evolved into a post-starburst state due to
quenching. It would be possible to test this proposal with the M-IIFSCz, by study-
ing how the agreement between these three SFR estimators vary with morphology:
the results of Hayward et al. would suggest that our Ellipticals may exhibit the
largest discrepancy between FIR-based SFRs and those from Hα/MAGPHYS, par-
ticularly where there is an AGN, since we suspect quenching may be in play here.
We have shown that the SFR distribution for Ellipticals peaks at a lower value
where there is an AGN present than when the nucleus is quiescent. Ellipticals typ-
ically play host to quasars, and indeed, Ellipticals in our sample host the highest
fraction of broad-line AGN (11%) out of any of the morphological types. It is well
documented in numerical simulations that powerful AGN are thought to be able to
feed back into their host galaxies, shutting down star formation by heating gas or
choking the galaxy of new, cold gas. In order to ascertain whether this is indeed the
cause of the reduced SFR in these Ellipticals, it would ﬁrstly be useful to more care-
fully quantify the diﬀerences in SFR by isolating galaxies in the non-AGN sample
and the AGN sample with the same stellar mass, environments, and gas mass, and
to directly compare their SFRs. If quenching is in play, one would expect to see a
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reduction in SFR between quiescent Ellipticals with the same stellar mass, the same
gas mass, and in the same type of environment as their counterpart BLAGN-hosting
Ellipticals. Should this be found, follow-up submm observations (e.g., with ALMA
or SMA) could be obtained in order to search for evidence of molecular outﬂows
(which should exist in the BLAGN hosts but not galaxies with quiescent cores),
which are thought to be driven by winds from the AGN and are capable of heating
or expelling large amounts of gas from the host galaxy.
One relatively unexamined section of the M-IIFSCz is the Merger subset. Al-
though we have compared merging galaxies with those of other morphological types,
a sample of over 1,200 IR-selected mergers has great potential in and of itself. The
low-redshift Merger-AGN connection should be further examined, as although it
is typically postulated that major mergers are a major trigger of AGN activity,
morphological studies of 140 AGN and 1,264 normal galaxies at z<1 (Cisternas et
al. 2011) suggest a lack of morphological distortion in AGN host galaxies, casting
doubts upon mergers being AGN triggers at low-redshift. The AGN fraction in our
Merger sample (24%-31% depending on how Transition Objects are classed) is very
similar to that in Spirals (23%-31%) and is in fact lower than that in Barred Spirals
(40%-52%), which is puzzling if AGN are merger-triggered, since Spiral types have
by deﬁnition never undergone anything more signiﬁcant than a minor merger. The
AGN fraction in Mergers is also lower than that of Ellipticals (37%-46%). These
results could potentially be explained by a ∼ 500Myr lag between merger and AGN
activity proposed by Schawinski et al. (2010), as well as the assumption that Ellip-
ticals in our sample represent the typical postmerger remnants of the major mergers
in our sample. However, we note that our Mergers have not been split into mi-
nor and major subtypes, nor have they been divided by the merger stage. Both of
these are fundamentally important for understanding whether and how AGN activ-
ity evolves along the merger sequence and how it varies as a function of the mass
ratio of the two galaxies. In order to understand these, and to compare and con-
trast with the literature, the Merger catalogue must be re-examined in more detail.
Follow-up observations would be necessary for a number of the companion galaxies
(most will not have SDSS spectra due to ﬁber collisions). Emission line diagnostics
would need to be performed for the companion galaxies, as the activity of both
galaxies in a merger pair must be considered. The stellar masses of the companion
galaxies must be derived in order to infer the mass ratio, which can be done either
through optical magnitudes (e.g. Bell et al. 2003) or MAGPHYS. Finally, the phys-
ical separation between the two galaxies in each merging pair must be estimated
using the redshift information and angular separation. Through these analyses, one
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could obtain - for diﬀerent mass ratios - evolutionary merger sequences, comprised
of pairs of galaxies with decreasing physical separations, resulting in “single” galax-
ies where the disks/bulges have merged but the nuclei have not yet coalesced and
are still separately visible. Tidal forces could be inferred from the galaxy masses
and separations, and the infall time could be estimated, allowing an estimate of the
time delay between each stage along the sequence. Then, for each mass ratio, the
variation in AGN and star formation activity along the sequence could be quanti-
ﬁed. Finally, one could select from our sample of Ellipticals (which, as we discussed
earlier, must be more recent postmergers than optically selected Ellipticals) a subset
of galaxies with a stellar mass that is equivalent to the combined total of the two
galaxies within each mass ratio bin. These Ellipticals would then eﬀectively be a fair
representation of the postmerger product of those mergers, and one could contrast
the AGN and star formation activity in those Ellipticals with that seen along the
evolutionary merger sequence, to see whether indeed the AGN fraction and star for-
mation rate is greater in the Ellipticals than in their progenitor postmergers, which
could constrain, both quantitatively and chronologically, the peak in both AGN and
star formation activity along the sequence of close pair - major merger - Elliptical
postmerger.
While we have examined the diﬀerent types of AGN present in our sample,
as well as the fraction of each type in each morphology, the best way to quantita-
tively correlate the relationship between the AGN and star formation activities is
through constraining the AGN luminosities, using bolometric SEDs that incorpo-
rate X-ray through to FIR emission, as we have done for our high-z QSOs. The
AGN in the M-IIFSCz should be crossmatched with X-ray data from Chandra and
XMM − Newton, as well as the ROSAT All-Sky Survey Faint Source Catalogue
(Voges et al. 2000) to constrain their X-ray luminosities. Accretion rates can be
obtained for the BLAGN in the same way as was done for our high-z QSOs; by
extrapolating from their optical luminosties.
As a ﬁnal note, one signiﬁcant caveat with our analysis of the M-IIFSCz is that
MAGPHYS is unable to account for AGN emission in the SED. Where we have
identiﬁed AGN, this may aﬀect the reliability of various physical parameters that
we have derived from the ﬁts. This will not just be an issue with our sample, but for
any studies that use the MAGPHYS routine. It is important to quantify how much
inaccuracy the presence of an AGN introduces into the MAGPHYS parameters,
which is not a trivial issue to address. The ideal method would be to re-ﬁt all of the
M-IIFSCz galaxies with a diﬀerent routine, and one which is able to separate out
the AGN and star formation emission. As of July 2014, a new version of CEGALE
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(Burgarella et al. 2005) is currently being tested, which is able to accurately analyse
the AGN emission. The parameters derived from these two routines should be cross-
calibrated using non-AGN from the M-IIFSCz, to ensure that both are in relatively
good agreement. Once this has been done, the CEGALE results can be compared
with the MAGPHYS results for the AGN-hosting galaxies we have identiﬁed, which
will allow the eﬀect of AGN on the MAGPHYS parameters to be properly quantiﬁed.
6.2 Barred Spirals in the M-IIFSCz
Our key result is that that the AGN fraction and bar fraction increase similarly as
one looks towards redder colours, indicating that it is not necessarily the presence
of the bar that is correlated with AGN presence, but rather that the presence of
both may be correlated with the colour - a subtle but important diﬀerence, as the
sequence of cause-and-eﬀect is unclear. As discussed in Chapter Two, Masters et al.
(2012) ﬁnd that barred galaxies are typically more gas poor than unbarred galaxies,
explaining their redder colour, but it is not clear whether the bar is caused by the
lack of gas, or whether the lack of gas causes the bar, or whether some external
eﬀect causes both. Masters et al. also ﬁnd that weakly-barred galaxies are typ-
ically not as gas-poor as more strongly-barred galaxies: this implies that for our
sample, if we split by bar strength, more weakly-barred Spirals should not be as
red and therefore should have a lower AGN fraction. Masters et al. do not test
this directly, as they class weakly-barred galaxies as “unbarred”. However, such a
study would be useful, as weakly-barred galaxies could be transition objects where
a bar has just been triggered by an external inﬂuence (their environments should be
examined to determine this), or where the bar is growing either because the gas has
been depleted or through depleting the gas itself via star formation/AGN activity.
If a galaxy’s gas reservoir has recently shrunk to the level where it can now support
a stable bar, the galaxy should show a steady decline of star formation in its star
formation history. If, however, it is the growth of the bar that has caused depletion
of the gas, one might expect to see a recently-triggered circumnuclear starburst, as
the bar channels gas inwards from the disk - this could be searched for using optical
IFU data, as done by van der Laan et al. (2013) for the nearby Barred Spiral, NGC
6951.
The bar fraction in our sample is approximately 10% lower than in comparative
optical studies. We saw in Chapter Two that M-IIFSCz Spirals are observed as pre-
dominantly red galaxies, and are heavily obscured - they are originally blue cloud
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objects. It is possible we are therefore detecting relatively higher numbers of dusty,
unbarred Spirals than would be picked up through optical selection, giving rise to a
lower bar fraction. Barred Spirals and Spirals appear to share similar distributions
of speciﬁc SFR and stellar mass, and the bar fraction itself does not show the clear
trough at a stellar mass of 1010.2 M⊙ that is seen in optical studies and is attributed
to the break between the late-type Barred Spirals at low masses and the early-type
Barred Spirals at high masses.
We observed an unexpected decline in the bar fraction as one looks towards more
face-on galaxies, despite the fact that such low inclinations should make it easier to
identify bars. As discussed, the matter of how bar fraction changes with axial ratio
is a complex one, but Elmegreen, Elmegreen & Hirst (2004) have observed a similar
decline in bar fraction at low inclinations for late type Barred Spirals. A number
of factors must be explored to verify whether or not this may be occurring in our
sample: ﬁrstly, the Barred Spirals in our sample need to have their morphological
classiﬁcations reﬁned so as to divide them into T-type and analyse whether we are
indeed biased towards late types. This analysis should also focus on the diﬀering
levels of star formation and AGN activity in diﬀerent Hubble types so as to ascertain
the selection bias towards each type. Secondly, we should check how the bar fraction
for each Hubble type varies with axial ratio, as a direct comparison with Elmegreen,
Elmegreen & Hirst. The combination of these two studies will ascertain whether
or not we are in fact biased towards late types and whether it is these late types
that cause the apparent bar fraction downturn at low inclinations. Finally, as an
extension, WISE imaging could be used to examine all the Spiral galaxies that we
have classiﬁed as unbarred, as previous studies would suggest that there are many
near-infrared bars in these galaxies. It would then be possible to assess the infrared
bar fraction for each Hubble type as well as whether the infrared bar fraction varies
with axial ratio in the same way as for the optical bar fraction.
An extension of this study would be to measure the bar length in these Barred
Spirals, which has been found to correlate with colour and stellar mass in optically-
selected samples (Oh et al. 2012). This is likely because bar length is positively
correlated with bar strength (Elmgreen et al. 2007), which is deﬁned as the ratio of
the tangential force to the radial force arising from the mass distribution (Buta &
Block 2001), and which numerical simulations suggest may dictate gas ﬂow dynam-
ics through the bar (e.g. Athanassoula 1992). It is this ﬂow of gas that is supplying
any circumnuclear star formation and AGN activity (and hence aﬀecting properties
such as colour and stellar mass).
Furthermore, one could use the measurements of bar strength, or length, to
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test the Athanassoula (2003) prediction that bars become longer and stronger with
time (galaxy age can be derived from MAGPHYS), and also to test whether bar
length/strength correlates directly with AGN presence (due to increased gas inﬂow)
- at least up until some critical bar strength. In the strongest bars, Seyfert AGN
may be rare (Schlosman et al. 2000), which could be explained by bars becoming
self-destructive once they reach a certain strength. For various bar strengths, a tech-
nique such as Hα interferometry (e.g., as done by Regan et al. (1997) for the Barred
Spiral NGC 1530, and by Laine et al. (1999) for Barred Spiral NGC 7479) could be
employed to directly measure the rate of gas inﬂow along the bar and to test how
this correlates with stellar population age (or star formation history, which can be
derived using a routine such as StarFISH; Harris & Zaritsky 2001), star formation
rate, and AGN activity. Measurements of rate of gas inﬂow could also be useful
in quantifying the diﬀerences between bars in low and high mass galaxies: if the
rate of inﬂow is relatively greater in low mass galaxies, this could help to explain
why the AGN fraction in low mass Barred Spirals is higher than for their high mass
counterparts.
We show that there is a statistically signiﬁcant diﬀerence between the stellar
velocity dispersions of Barred Spirals and Spirals. The velocity dispersion distribu-
tion for Barred Spirals is also not similar to that for Ellipticals. This means that
one must be very careful when determining black hole masses using the M-σ relation
for disk galaxies: a bar fundamentally alters this relationship. The M-σ relation for
Barred Spirals has not been extensively observationally investigated in the literature
- a small number of studies, each with a very low sample size (e.g. Graham 2008,
Graham et al. 2011), have attempted to determine the relation. Due to the necessity
of reverberation mapping in order to derive accurate black hole masses to calibrate
the relation it is diﬃcult to obtain large sample sizes. It would therefore be worth
obtaining follow-up reverberation mapping data (using Hubble, e.g., as discussed by
Peterson & Horne 2004) for at least a subsample of our lowest-redshift Barred Spi-
rals, to further constrain the M-σ relation in barred disks. Furthermore, one should
determine whether the stellar velocity dispersion varies with bar strength (which
could account for the large scatter in the observed and predicted M-σ relation for
Barred Spirals).
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6.3 Ultra- and Hyper-Luminous Infra-Red Galax-
ies in IRAS
A comparison of newly-derived spectroscopic redshifts with existing photometric
redshift estimates for high-luminosity IR galaxies has revealed fundamental inaccu-
racies in the photometric redshifts, which has led to a miscalculation of the high-
luminosity portion of the IR luminosity function. The IR luminosity function is
essential for the star formation history of the Universe to be properly constrained.
We have attempted to quantify the likely eﬀect that this will have had, and one key
result is that the very highest luminosity galaxies, HLIRGs, may be twice as rare as
previously thought.
We have conﬁrmed, however, that the coincidence of AGN activity in high lumi-
nosity galaxies is still very high, with at least 89% of these galaxies showing evidence
of an AGN. For a minority, the data is insuﬃcient to conclude the presence or lack
of AGN. Follow-up observations of these galaxies are important to solidify whether
or not the AGN fraction is 100% in this sample. Since AGN and star formation
activities are thought to be correlated and to co-evolve, it would be highly unusual
to ﬁnd a galaxy undergoing a massive starburst, indicating a large gas supply, and
yet to have no AGN activity.
It is unlikely that the problems highlighted here with the photometric redshift
estimation are unique to this small sample. Therefore, in order to further improve
the accuracy of the global IR Luminosity Function, it is important to perform a sim-
ilar analysis to that done here at both higher and lower redshifts and for a broader
luminosity range.
Our sample of U/HLIRGs also has the potential to build upon works at lower
redshifts in determining the merger fraction in high-luminosity galaxies. These
galaxies lie at redshifts /0.5, meaning that the Hubble Space Telescope would be
able to obtain suﬃciently high resolution images to infer whether or not their mor-
phologies are as frequently disturbed as their low-redshift counterparts (e.g., Dressler
et al. (1997) used the WFPC2 to examine morphologies in clusters at z∼0.5 - WFC3
has since been installed on Hubble, oﬀering even higher resolution). If these galaxies
are indeed found to be predominantly merging, their properties could be compared
with the highest-luminosity Mergers from the M-IIFSCz, to create a larger merging
sample covering a larger redshift range, yielding scope to analyse how the properties
of IR-selected Mergers have changed in the past ∼5 Gyr.
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6.4 The AGN - star formation connection in high-
z QSOs
Our key result from Chapter Five is that our QSOs exhibit a fundamentally dif-
ferent SFR:accretion rate ratio than that seen in low-to-medium luminosity AGN,
implying that there is less star formation in the host galaxies than one would ex-
pect for the accretion rates measured. Ours is the ﬁrst study to measure this ratio
for high-luminosity AGN, and due to our small and non-homogeneous sample, it is
important to see whether these results can be reproduced in a larger sample. In
this case, measurements of gas and dust masses would be beneﬁcial to see if these
galaxies are deﬁcient in either, relative to the hosts of other QSOs at similar red-
shifts, as this could cause a “naturally” lower SFR. As a slightly more ambitious
project, one could also use high-resolution follow up imaging of these QSOs to exam-
ine whether they have diﬀerent (for example, more or less disturbed) morphologies
or environments than QSOs of similar luminosities at similar redshifts, as this could
inﬂuence both AGN and star formation activity. At the redshifts of our QSOs this
is very diﬃcult, but progress is being made in detecting disturbed morphologies at
high redshifts and such a study should be possible for at least the lower-redshift
QSOs: for example, Freeman et al. (2013) propose a statistical method for doing so
at z∼2, while Targett et al. (2010) have used K-band images to analyse the basic
morphology of star-forming SMGs, also at z∼2.
We also noted earlier that recent simulations by Hayward et al. (2014) have
found that FIR photomtry can overpredict the SFRs of recently-quenched galax-
ies, making them appear to still be star forming. Because we already ﬁnd hints
of quenching in these QSOs, alternative methods of SFR estimation should be em-
ployed to verify their SFRs. A combination of estimators should be used to protect
against AGN contamination, such as PAH features, submillimetre photometry, and
broadband SED ﬁtting (excluding the FIR portion of the SED), using a routine that
is capable of separating the AGN component from that of the SFR - for example,
the new version of CEGALE (Burgarella et al. 2005).
The potentially suppressed SFR in these QSOs may be a high-redshift counter-
part of the result we saw for Ellipticals in the M-IIFSCz, whereby the AGN-hosting
galaxies exhibit a typically lower SFR than those without AGN. The results of the
studies we have proposed for these Ellipticals (to discern whether or not the ob-
served dip in SFR is indeed greatest in the highest-luminosity BLAGN, i.e., QSOs,
and whether this is due to molecular outﬂows), could be applied to these high-z
QSOs. If one could quantitatively relate the reduction in SFR in our low-z Ellipti-
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cals (between two similar Elliptical galaxies, one with a QSO and one without, as
discussed earlier) with some speciﬁc property, such as the QSO luminosity or ac-
cretion rate, it would then be possible to predict the level of reduction that should
be seen in the SFRs in the high-z QSO host galaxies relative to non-QSO-hosting
galaxies if the same feedback mechanism is in place at both high and low redshift.
A control sample would need to be established for the high-z QSOs, consisting of
galaxies with, for example, the same stellar mass and gas mass (both of which could
be extracted from the aforementioned CEGALE SED ﬁts), and at the same redshift,
but without a QSO. One could then compare the relative reduction in SFR in our
high-z QSOs with that in the low-z Elliptical QSOs. This would reveal whether or
not feedback behaves in the same way today as it did in the early Universe, and if
not, it will be possible to quantify how they diﬀer.
There is an alternative way to approach this study: the SFR:accretion rate ra-
tio has been well constrained as being ∼1,000:1 in low-to-medium luminosity AGN,
and this could be extended to high-luminosity AGN using the BLAGN from our
M-IIFSCz catalogue. As we previously proposed, their accretion rates should be
estimated from their UV luminosities, as done for our high-z QSOs, and these ac-
cretion rates should then be compared with the SFRs that we have calculated. If
the SFR:accretion ratio is seen to again be constant at ∼1000:1, this suggests that
the ratio may change with redshift rather than luminosity, reﬂecting that conditions
in the high redshift Universe mean that BLAGN feed back into their host galaxies
in quantiﬁably diﬀerent manner than they do locally. However, if we see a diﬀerent
ratio to 1,000:1 in our local BLAGN - and particularly if the ratio is similar to that
for our high-z QSOs - this could imply that the ratio changes with luminosity rather
than redshift, suggesting that there is indeed some critical level in accretion activity
at which the feedback from the AGN into the host galaxy fundamentally changes,
causing rapid quenching of star formation.
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